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ANALYSIS OF LINEARIZED ELASTICITY MODELS WITH POINT SOURCES
IN WEIGHTED SOBOLEV SPACES: APPLICATIONS IN TISSUE
CONTRACTION

WIETSE M. BooN!*® AND FRED J. VERMOLEN?

Abstract. In order to model the contractive forces exerted by fibroblast cells in dermal tissue, we
propose and analyze two modeling approaches under the assumption of linearized elasticity. The first
approach introduces a collection of point forces on the boundary of the fibroblast whereas the second
approach employs an isotropic stress point source in its center. We analyze the resulting partial differ-
ential equations in terms of weighted Sobolev spaces and identify the singular behavior of the respective
solutions. Two finite element method approaches are proposed, one based on a direct application and
another in which the singularity is subtracted and a correction field is computed. Finally, we confirm
the validity of the modeling approach, demonstrate convergence of the numerical methods, and verify
the analysis through the use of numerical experiments.
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1. INTRODUCTION

Injured skin undergoes a chain of biological processes that ultimately aim towards dermal healing. This
chain of biological reactions can roughly be divided into four phases: (i) hemostasis, which is the coagulation
(blood clotting) process that prevents further loss of blood and ingress of contaminants, (ii) inflammatory phase,
which is the activation of the immune response that clears up debris and hazardous chemicals and pathogens,
(iii) proliferative phase, which involves tissue regeneration and angiogenesis (regeneration of small blood vessel
network), and (iv) remodeling, which replaces provisional collagen from the proliferative phase with permanent
collagen with better mechanical properties. These phases in dermal healing are sequential and overlap partly.
More information about the description of the underlying biological processes can be found in, among others
[11,21].

During the proliferative phase in deep skin (tissue) injuries, fibroblasts, which are skin cells, migrate into
the damaged area and rebuild the collagen structure. Next to the regeneration of collagen, fibroblasts exert
forces on their direct environment, which reduces the volume, and hence the exposed area, of the wound.
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This process is referred to as contraction, and in many cases, this process is beneficial for the organism as it
reduces the probability that contaminants and pathogens enter the body. In some cases, and in particular in
severe burn injuries, the mechanism of contraction is excessive as a result of the differentiation of fibroblasts to
myofibroblasts. Myofibroblasts exert larger forces on their immediate environment and produce larger amounts
of collagen. The types of collagen that fibroblasts and myofibroblasts produce differ and it is known that the
collagen type that is secreted by fibroblasts is more favorable than collagen secreted by myofibroblasts. The
type of collagen that is deposited by myofibroblasts is replaced with fibroblasts-secreted collagen during the
remodeling phase. It is known that in many wounds, myofibroblasts are subject to apoptosis (programmed cell
death), however, in acute wounds, myofibroblasts have been observed to persist [28]. More information regarding
the dynamics of fibroblasts and myofibroblasts can be found in, among others [7,9].

Since the myofibroblasts exert larger forces, the wound (or scar) area suffers from a larger extent of con-
traction. This excessive contraction may result in the patient suffering from (local) disability. In these cases,
contractions are referred to as contracture. Many biomedical studies aim at the prevention of contracture.
Although there are still many open questions regarding the biological mechanisms behind contraction, it is
known that local stresses in the damaged skin trigger the differentiation of fibroblasts to myofibroblasts and
thereby activate the contraction reaction. These stresses can occur as a result of motion in body parts, partic-
ularly if the burn injury is near a joint, but even the act of breathing may trigger contraction. It also turns
out that some patients are more prone than other patients to develop a contraction under the same conditions.
Quantitative understanding of the mechanisms behind the development of contracture may help practitioners
develop and optimize therapies that aim at prevention and treatment. Current treatments are based on skin
grafting (skin transplantation), splinting and the application of (chemical) dressings.

Multiple mathematical formalisms have been developed to simulate the contraction process. Roughly speak-
ing, these formalisms can be divided into agent-based and fully continuum-scale models. The fully continuum-
based models are based on averaged quantities, such as cell densities, which are governed by (systems of) (non-
linear) partial differential equations. Agent-based models typically treat cells as separate entities that interact,
exert forces, migrate, divide, differentiate, and expire. In this manuscript, we focus on the agent-based models
where discrete cells exert forces on their immediate environment. Since the size of the cells is typically several
orders of magnitude smaller than the size of the computational domain, we employ Dirac delta distributions to
define the forces. This approach was used for the description of cell forces and plastic forces in [6,23]. Although
the obtained numerical results by the use of the finite element method are sensible and useful for further inter-
pretation, some mathematical questions remain. Formally, the solutions for the displacement are not in the
Sobolev space H'(£2), although one naively searches the finite element solution in this space. Nevertheless, in
[4], among others, the convergence of finite element solutions in case of a Laplace (Poisson) equation with a
Dirac delta distribution of the right-hand side is proved. The use of linear elements yields a convergence in the
H'-norm of order O(hl/ 2) in R3. Prior to this work, several studies addressed the same Laplace problem with
a Dirac delta distribution. Scott [25] addressed convergence of the solution for Pj-elements as early as 1973,
which is, to the best of our knowledge, the earliest study addressing this problem for finite element methods.
The main result in [25] was convergence of the finite element solution in the L?-norm of order O(h?~%/?), where
d stands for the dimensionality. Later, in 1985, Erikson [12] proved convergence for P-elements of order O(h¥)
and O(h**1), respectively, in the W'~ and L'-norm for 2D problems. Apel et al. [1] demonstrated convergence
in the L2-norm of the finite element solution of order O(h%\/|log(h)| for Py elements in 2D in 2011. Képpl and
Wohlmuth [19] proved convergence of classical order O(h¥*1) in the L?-norm at portions of the computational
domain away from the location where the Dirac delta distribution acts for Py elements for 2D finite element
solutions.

All these earlier studies concern the Laplace problem, whereas this manuscript is devoted to the analysis of
well-posedness of the boundary value problems associated with the balance of momentum in linearized elasticity.
From a physics point of view, major simplifications are made: the medium is assumed to be isotropic and subject
to the linear Hooke’s Law, strains are assumed to be infinitesimal, inertia is neglected, and in the finite element
simulations, the displacements are assumed to be small enough such that deformation of the mesh is not taken
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FIGURE 1. Left: contractive forces are defined on the cell boundary in the point force approach.
Right: point stress approach employs an isotropic stress point source in the cell center.

into account. Furthermore, viscous (damping) effects are neglected. Despite reality being significantly more
complicated, the current study is original as it extends parts of the study by D’Angelo [8] to linear elasticity
and provides a necessary step in the development of the mathematical theory for more realistic models. The
current study entails point forces and point stresses. As mentioned earlier, applications are in cells that are
located in a bounded domain. Here, the size of the cells in the order of several micrometers, whereas the tissues
where the model is applied could have dimensions of the order of centimeters. In this case, cells are treated as
a set of point forces that are exerted on the boundary. In this setting, the cell shape is simplified to a triangle
or square where on the midpoint of each boundary segment a point force is exerted. In a 3D setting, the cell
could be approximated by a cube, where on all the midpoints of the faces a point force is positioned. The size
(diameter) of a finite element triangle (or tetrahedron in 3D) can be of the same order as the size of a biological
cell. An alternative to this modelling framework entails a point stress source, which can be used if the ratio
between the size of a cell and the size of the computational domain tends to zero. This alternative strategy is
also analyzed in the current paper.

A second application of the current model formulation is the case of a (biological) cell that is relatively large,
moves through the domain of computation and exerts forces on its direct surroundings. This modelling case can
be used to simulate a cancer cell that migrates through a narrow channel, where it has to exert forces on the
channel wall to widen the channel, so that the cell is able to actually migrate through the channel.

The article is organized as follows. Section 2 introduces the two model problems of interest, referred to as
the point force and the point stress problem. The former is analyzed in Section 3 and shown to be well-posed
in a weighted Sobolev space, following the steps outlined in [8]. The point stress problem, on the other hand, is
considered in Section 4 and we use the results of Section 3 to prove that it is well-posed. Afterward, Section 5
proposes viable finite element discretization schemes that exploit the knowledge regarding the singularity in
the solution. Numerical experiments of the point stress problem are presented in Sections 6 and 7 contains the
conclusions.

2. MODEL PROBLEMS

We start by describing the approaches that lead to the two model problems that form the focus of this
work. The formulations of these problems only differ in the source term, or right-hand side of the system. Both
problems are thus posed on the computational domain © C R%, which is assumed to be a bounded Lipschitz
domain with d € {1,2,3} the dimension.

2.1. The point force problem

In the point force approach, investigated in [6,23,24], the forces exerted by a fibroblast cell are modeled by
the use of the so-called immersed boundary method, where the cell boundary is divided into boundary segments.
On each boundary segment, a point force is exerted on the environment that is normalized by the measure (area
in 3D or length in 2D) of the boundary segment. Furthermore, the point force is located on the center of the
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boundary segment and oriented towards the interior of the cell, cf. Figure 1 (left). Integration over the entire
boundary then determines the total force. Denoting the forces by F; with ¢ the index, this approach gives us
the momentum balance equation:

—V'OZZFi(S(SC—iEi), (2.1&)

with o the tensorial stress field. We complement this by Hooke’s law using the fourth-order tensor C, defined
as CY 1= 2uX + ATr()1 for all ¥ € RI¥4;

0 = Ceu = 2ueu + A(V - u)l, (2.1b)

in which p and X\ are the constant, positive, Lamé parameters, I is the identity tensor, € is the symmetric
gradient operator and thus ew is the linearized strain tensor, which is given by eu = £(Vu + (Vau)?). To close
the system, we impose the homogeneous boundary condition

u =0, on S (2.1¢)

The above boundary value problem provides a linear problem for the displacement u. In our applications, we
use this formalism with moving (and deforming) cells, and hence the positions where the point forces are acting
may migrate through the domain of computation. An alternative approach is based on treating cells as holes
that are migrating. The boundary of the cell is subsequently treated as a boundary condition that is moving
through the domain of computation. In order to make this possible, remeshing in a region at least near to the
cell boundary is necessary. In practice this is not feasible from a numerical point of view, and therefore we rely
on treating cell traction forces by a series of point forces on the cell boundary. On the other hand, using Dirac
delta distributions implies a singular solution in the sense that the solution is formally out of the finite element
function space H'.

Regarding the applicability, we note that we carry out simulations in multi-cell colonies, where each cell exerts
traction forces that give rise to local displacements. The cells are displaced according to the displacements as
a result of traction forces that are exerted by the cells. This mode of displacement is commonly referred to
as passive convection, and this mode is commonly modelled in continuum-based models by adding a material
derivative to the conservation law for the cell density. Further modes of cell displacement are random walk
(diffusion) through Wiener processes, chemotaxis (migration according to the gradient of a concentration) and
tensotaxis (migration according to the gradient of stiffness). For the sake of passive convection, it is crucially
important to know the displacement rates on the location of cells.

In the model for cells exerting traction or pulling forces, the cell boundary is divided into nodal points, that
are connected by boundary segments. In this way, a circular cell is, for instance, approximated by a polygon. On
the midpoint of a boundary segment, a point force is applied. In this way, the total force follows from summation
over the entire cell boundary. If the boundary segments are made infinitesimally small, that is, the number of
nodal points on the boundary is sent to infinity, then one obtains the total force by integration over the cell
boundary.

In earlier work [6], we considered a line source for the production of a chemical. This approach was possible
since the production of a chemical involves a scalar quantity. In the current problem, we are dealing with
forces, which represent a vectorial quantity. In order to generalize the direction of the force (being contractive
or repulsive), this approach is not feasible since over each boundary point the force direction changes. This is
true in particular if the cell shape differs much from circular of spherical geometries. This approach is suitable
for cases where the cell size is at least of the same order as the finite element mesh size.

We refer to (2.1) as the point force problem. This system can easily be discretized using standard finite elements
method since the right-hand side then corresponds to a point evaluation of piecewise polynomial test functions.
The disadvantage, however, is that the problem depends on the number of segments in which the cell boundary
is decomposed and, strictly speaking, produces a different solution for each choice. Although these differences
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are not detectable at coarse discretization levels if each F; is properly scaled [24], the solution to the continuous
problem is affected and therewith the convergence of the discretization. For this reason, we are interested in an
alternative approach that admits a unique solution, independent of cell boundary decompositions.

2.2. The point stress problem

An alternative approach is to model the contractive effect of fibroblasts by employing concentrated, isotropic
stress fields. By letting the cell radius tend to zero within the model, we obtain point sources similar to those
found in seismic imaging inversion, see e.g. [26]. In contrast to that application, however, we are currently
interested in the forward model in mechanical equilibrium, where elastic wave propagation is neglected.

This approach is based on representing the force field generated by a fibroblast by F = V - (6.]) with .
a scalar function and I the identity tensor. We assume that the support of §. is given by a ball of radius e
centered at the fibroblast center, which is assumed to be at the origin. To avoid confusion, we emphasize that
e represents the radius of a ball, whereas ¢ represents the symmetric gradient operator (strain operator). In
order to generate an inward oriented force field, we define §. as a positive function that is decreasing from the
cell center to the boundary. Moreover, we assume that J. is normalized in the sense that its integral is one. A
smooth example is the Gaussian probability density function of a normal distribution with standard deviation
€ and mean the position of the cell center.

In models of dermal tissue, the fibroblasts are typically mobile in the computational domain and it becomes an
involved task to integrate moving, compactly supported source functions with respect to a stationary, underlying
mesh. To address this, we model the stress field generated by a fibroblast using the Dirac delta measure § that
assigns unit mass to the fibroblast center. This leads us to the following system of equations:

o — Ceu =0, in €, (2.2a)
—-V.-0=V-(0I), inQ, (2.2b)
u =0, on 09. (2.2¢)

In order to make sense of the right-hand side, we briefly revert to the regularization d. € H HQ), ie a
regularization that is square integrable, has square integrable weak derivative, and vanishes on 0. For v a
sufficiently smooth, vector-valued function, we derive

(V : (551)771)0 = (V(Se,’U)Q = ((56,71 . ’v)aQ - ((56,V : U)Q = (56, V. ’U)Q7 (23)

with (-,)q denoting the L2-inner product on 2. Letting € | 0, we define the following functional for sufficiently
smooth functions v:

(V- (8I),v) :=(6,—V -v), (2.4)

with angled brackets indicating the duality pairing. In other words, V- (1) is the functional that performs a point
evaluation of the negated divergence. The domain of V - (6I) therefore contains all measurable vector-functions
that have a well-defined, continuous divergence at the origin.

Remark 2.1. This approach is reminiscent of Schwarzschild black holes from general relativity theory in which
the energy-momentum tensor is assumed to be a Dirac delta distribution. Moreover, the use of a concentrated
stress is comparable to modeling magnetic dipoles in electromagnetism [16].

3. ANALYSIS OF THE POINT FORCE PROBLEM IN WEIGHTED SPACES

We now continue by analyzing the model problems, starting with the point force problem (2.1) with a single
point force located at the origin. Due to the radial nature of the problem, we introduce r as the distance from
the origin and 7 the corresponding unit vector:

T

r(e) =lz|,  7(x)= =i (3.1)



2354 W.M. BOON AND F.J. VERMOLEN

We note that, in 1D, we have # = sgn(z), which is a scalar function and therefore denoted without bold face.
In this section, we identify the singular behavior of the solution, introduce the weighted function spaces, and
show that the weak formulation of (2.1) in this setting is well-posed.

3.1. Identifying the singularity
Given a vector F' € R?, let gr be the solution to the point force problem:

—V - (Cegr) = F6.

The explicit formula for this function is known to be of the form gr = GF, see e.g. [2,17,24,27], with
G : Q — R the tensor field given by

1
T2utA 2 d=1,
G := 871';1,(1171/) (—B—=4v)log(r)I+7®7), d=2, (3.2)
167T/1,%1—l/)%((374V)I+"q®’f‘)7 d=3.

Here, v is the Poisson ration given by ﬁ We note that a rigid body motion can be added to the fundamental
solution but, in our case of a bounded domain, this mode is determined by the boundary conditions. One can
demonstrate that the tensor field G is not in H'. In particular, the solution behaves “badly” at the point of
action of the force (r = 0). If point forces located on the cell boundary are moving, then passive convection
requires to displace the cells according to the time derivative of the displacement vector that is obtained from
the point force problem. In the case that a cell is very close to another cell that exerts a force, this may give
inaccurate results due to the singular nature of the solution. However, in general, our simulation studies deal
with large number of cells so that the eventual displacement vector is determined on the bases of forces that are
exerted by many cells that are located further away. Hence this inaccuracy is averaged out. As an alternative
to cope with this issue, one may apply the singularity removal method (cf. Sect. 5.2), which implies that the
finite element method “searches” a solution in the right solution space. However, in order to reconstruct the
displacement field, one eventually has to add, as a post-processing step, the fundamental solution to the obtained
finite element solution, which contains the singularity.

3.2. Functional setting

From (3.2), we note that the solution to (2.1) contains a singularity that does not have a square integrable
weak derivative, i.e. we have u ¢ H'(Q) for d > 2. In order to analyze the problem in the appropriate setting,
we therefore turn to weighted function spaces. Following [8], we introduce the following weighted norm for
aec(—1,1):

[l = [ r*luas, (3.3)
with r the distance to the origin. Let L2 (£2) be the space of measurable functions that have finite L2-norm:
L2(Q) = {u: lull 2 0 < oo}. (3.4)

The scalar and tensorial analogues of L2 (f2) are denoted by L? () and L2 (), respectively. More precisely, we
define for tensor fields ¥ : Q — R*4:

212 = [ eImPan,  LA@ = {5 g <o), (35)
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with ||X|| the Frobenius norm. Note that L? () is naturally endowed with the inner product
(w,v)r2 Q) = / r?%y - v dQ = (r®u, r%v)q, (3.6)
Q
and we directly have (u,u)rz () = [|ullzz q)- In addition to L3(R2), we define
H)(Q):={veLl(Q): Vv el ()}, (3.7a)
W, (Q) = {v e L%(Q) : ev € L2(Q),v]pqn = 0}. (3.7b)
We endow W,,(Q) with the norm

[vllw, ) = llevllLz q)- (3.8)

In the following, we omit the reference to the domain 2 when no confusion arises.

As is typical in the analysis of linearized elasticity systems, we require a type of Korn’s inequality, posed in
the weighted spaces of our setting. Since this inequality is not available in the literature, and its proof is outside
the scope of this work, we formulate it as a conjecture.

Conjecture 3.1 (Weighted Korn’s inequality). Let e be a rigid body motion on Q. Then, for all v € HL()
with (v, e)asqn = 0, the following inequality holds

IVollz S [[vllw..- (3.9)

Here, and in the following, the relation x < y implies that a constant C' > 0 exists such that x < Cy.
Computational evidence supporting Conjecture 3.1 is given in Appendix A, and it is used as a working hypothesis
in some parts of the analysis.

We conclude this subsection with the Poincaré inequality [20]:

lullp: S IVullz,  Vue H. (3.10)

Combined with Weighted Korn’s inequality (3.9), we note that this implies that || - ||w, forms a proper norm
on W,.

3.3. Well-posedness analysis

With the functional setting in place, we formulate and analyze two variational formulations of the point force
problem (2.1). These two formulations, which we refer to as the primal and solid pressure formulations, lead
to different discretization schemes in Section 5. Let us start with the primal formulation: Given F € R, find
u € W, such that

(Ceu,ev)q, = (Fé,v), Yo e W_,. (3.11)

This problem can be cast in the abstract form:
Alu,v) = (f,v), VveW_, (3.12)
with A: W, x W_, — R and f € W’ naturally defined as

A(u,v) := (Ceu,ev),, (f,v) = (Fd,v), VYuecW,veW_,.

From formula (3.2), it is clear that for d = 1, standard H', that is, a = 0, allows the point trace and that for
d = 2, it is necessary to set a > 0 in order to incorporate the point trace, whereas o > % seems necessary for
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d = 3. Hence it is important to emphasize that f € W’ for d < 2 and « > 0 [8]. Although we believe that some
of the analysis in [15] can be extended to 3D, we are aware that we may lose some of the embedding properties
that warrant solutions that satisfy certain smoothness requirements. We therefore restrict the analysis to d < 2.

Before we present the main result, we make two useful observations. First, recalling that C := 2u + AI'Tr, we
note the bounds

(2u + &N |lew||p2llev]lLs, Yu,v € L?, (3.13a)
NN Yu € L2 (3.13b)

(Ceu,ev) <
(Ceu, su) >

Secondly, we derive a decomposition of the space L2 similar to Lemma 2.1 of [8], that forms a key tool in the
subsequent analysis.

Lemma 3.2. Let s € (—1,1). For each Q € L2, there exists a unique pair (X, z) € L2 x Wy such that

Q=X+e¢z, (%,Cez2), =0, VZeW_g, (3.14a)
(3.14b)

2
L2,

Proof. Following Lemma 2.1 of [8], we set up and analyze the following variational problem: Find (%, z) €
L2 x W such that

a(z,i) b (zE) - (Q,E)Q, vEel?,, (3.15a)
bo(2,3) = 0, Vie W, (3.15b)

with

a(E,fD) = (272)97 b1 (z,f]) = <5z7f]>97 ba(2,%) := ((Csz,f])ﬂ

Obtaining (3.14) now amounts to proving that (3.15) is well-posed. To do this, we verify the hypotheses of
the Banach-Necas-Babuska (BNB) theorem for generalized saddle-point problems (cf. [3], Cor. 2.1, [13], Ex
2.14, [5], Rem. 4.2.7).

— Continuity. Using the Cauchy—Schwarz inequality, we obtain:
a(2.2) = (mz,r L) <z

by (z,i) = (r‘“sz,r‘si)ﬂ < HEZHL%
by(2,%) = (r°Cez,r %), < (2u+ d°X) leZllz 12l -

The final inequality follows by (3.13a). ~
— Inf-sup of a. Let ¥ € L2 be given and let the test function be chosen as ¥ := r?*% € L2 .. We then derive

a(E, i) = (r*%, r*Y),

2, weset ¥ := r~2%% € .2 and obtain the analogous result with the roles interchanged.
Together, these imply the conditions:

Vice versa, for & € L2

a(E i)) a(Z,i)
>1, _inf sup —
Yel? | E‘

L

inf su
Xel? Ee]L2

> 1.
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— Inf-sup of b;. Let z € W, be given and let ¥ := r2%cz € L2 .. We then derive

2

- 2
bi(2,5) = llezlify = lezllz[[rez]ls, = lezlls|[E] , -

On the other hand, let 2 € W_ be given and let 3 := r=2%¢z € LL2. Similar to the above, we obtain
ba(2,%) = (Crez,r—e2) = 2ule2|% = 2plleZ e [S]s.
Together, these give us the inf-sup conditions

_n=5

bo(2, 2
— , inf sup 2(%,%) > 2.
2|

inf sup } T e 2
zeWoosere [e2(2 (Xl

#EWeserz, ez
s

L2

The BNB-theorem for generalized saddle-point problems ([3], Cor. 2.1) now gives us the well-posedness and
the stability estimates. O

8.8.1. The primal formulation

Lemma 3.2 provides the key to proving well-posedness of problem (3.11), as shown in the following theorem.

Theorem 3.3. Problem (3.12) is well-posed for right-hand sides f € W', and its unique solution satisfies

«’

lullw., <1~ I fllw:, - (3.16)

Proof. We verify the hypotheses of the BNB theorem for linear problems ([13], Thm. 2.6).

— Continuity. This follows directly from (3.13a):
A(u,v) = (Croeu,r~%v), < (2u+ d*N)|leul ev]. | Vu e W,,v e W_,.

— Inf-sup of A. Let u € W, be given and let @ := r?*cu € L2 . Using Lemma 3.2 with s = —a, we construct
¥ and z with properties (3.14). Setting v = z € W_,,, we use these properties and (3.13b) to derive
A(u,v) = (Ceu,r*“eu — Y)g, = (Creu,ru), > 2u|\5u||]i2 = 2p|ul3y.

lwlw_, = llevle < 2[r*eull . =2|eull ;. = 2]ully,.

Thus, since u € W, was arbitrary, we have shown that

of  sup  Awv)
P Tullw. [ollw.

> .
ueWa yeWw_

Reversing the roles of w and v in the previous step and changing o to —«, we obtain the analogous result:

e L) N
V. lullw. vllw_.

> .
vEW_ o yuew,

These conditions suffice to invoke the BNB theorem, providing well-posedness and the stability bound. [J
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3.8.2. The solid pressure formulation

With the idea of constructing a viable discretization scheme in the future, we note that using lowest order
elements in the primal formulation is prone to the “locking” phenomenon. To avoid this, we aim for a mixed
finite element formulation based on the solid pressure, or Herrmann formulation [18]. With this purpose in
mind, we introduce the solid pressure p = AV - u and reformulate the problem: Find (u, p) such that

-V - (Queu + pI) = F§ (3.17a)
~V-u+A"tp=0. (3.17b)

By posing the variational formulation of (3.17) in weighted spaces, we obtain the solid pressure formulation:
Find (u,p) € W, x L2 such that

(2ueu,ev)q (p,V v)g = <F5 v) Yv e W_, (3.18a)
—(Vou,q)g+ (A 'p,q), = Vge L?,,. (3.18b)

To analyze (3.18), we recognize its structure as a generalized, perturbed saddle-point problem on the product
space X, := W, x L2. In particular, let us define Ay, : Xo x X_o — R and f € X’ such that (3.18) takes
the abstract form

—x

Ane((w,p); (v,9)) == a(u,v) — b1 (v,p) + ba(u, q) + c(p,q) = (f; (v,9)) (3.19)

in which the bilinear forms are given by

a: Wy xW_, - R, a(u,v) = (2ueu, ev)q, (3.20a)
by : W_o x L2 — R, bi(v,p) = —(V-v,p)q, (3.20b)
by : W, x L? |, — R, bo(u,q) = —(V - u,q)q, (3.20c)
c:L? x 2, =R, cpg) = (AN'pq) (3.20d)
We endow X, with the weighted norm
1w, p) 1%, = 2plleull?; + A7 |pl72- (3.21)

Then the right-hand side f is naturally given by (f, (v,p)) = (F,v) for all (v,p) € X_,. We emphasize that
f e X’ since the Dirac delta functional is well-defined on W_,, for a > 0.

It turns out that the key to analyzing (3.19) lies once again in the decomposition from Lemma 3.2. We present
this formally in the following theorem.

Theorem 3.4. Problem (3.19) is well-posed for f € X', i.e. it admits a unique solution (u,p) € X, that

satisfies

—«?

1w, p)llx, < Crellfllx:,

with Cre 7= (/2 + d23.
Proof. We follow the hypotheses of the BNB theorem [13].
— Continuity. Using the Cauchy—Schwarz inequality, we obtain:
alu,v) < 2ulleuls fevls o bi(,p) < V- vl iz < dievls ol

c(p,q) < A7 plee lallze ba(u,q) < ||V -ullp llallzz, < dlleully llgllzz
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An application of the Cauchy—Schwarz inequality on the sum then gives us

1
2

Anre((w,p); (v, 0)) < (@u+ @2 llwll?, + 2207l )" ((@0+ M) levlla | +20 al2: )
Che
< max 772 ||(u7p)HXa||('07Q)HX_Q'

Inf-sup of Ape. Let (u,p) € X, be given and let Q := r?*cu € .2 . Using Lemma 3.2 with s = —a, we
construct ¥ and z with properties (3.14). Setting the test functions v = 2 € W_, and ¢ = r?*p+ \Tr(X) €
L2, we derive

a(u,v) = (2ueu, r**cu — %), = 2plleullf; — (Ceu, %), + (AV - u, Tr(%)),
= 2plleulls + (AV - u, Tr(T))q (3.22a)
where we have used (Ceu, X)q = 0 due to (3.14). For the coupling operators, we note that
Vv ="Trev =TrQ — TrY = 729V - u — TrY.
By substitution, we obtain

—b1(v,p) + ba(u,q) = (**V - u = Tr(X),p), — (V- u, 72+ ATr (D)),
— —(Tx(2), p)g — (V- u, ATH(D)), (3.220)

The final operator becomes
c(p,g) = (A Ip,r*p £ ATH(R)) , = A7 HplZ2 + (p, Tr(E)) g (3-22¢)
Summing (3.22), the cross terms conveniently cancel and we obtain
Asre((u,p)i (v,)) = 2ulleulZs + A" pl22 = (. p)]%. (3.232)
On the other hand, the test functions are bounded in the following way:
I, Dl =2levle +A " al3e < 4ullQZ + 23 P2 pll3a +2AIT(S) 2,
<22+ PN [P culfy 4227 [

20+ d*\ 2 _
< E22 (aplleull?, + 27l )

= Chrell(w,p)|%., (3.23b)

where we used (3.14) and Young’s inequality in the first step. The second step follows by the bound on ¥ in
(3.14) and the remaining steps follow from the definitions of Cp and || - || x, -
Combining (3.23), we have the first inf-sup condition

o sup Apre((u,p); (v,q))

> Cyl.
(wp)eXa (vg)ex_o [[(W:D)lIx, (v )l x_,

Again, reversing the roles of (u,p) and (v, q) and negating « gives us the second condition:

o Apre((u,p); (v,q))

> Cyl.
@)X -0 (wpex, |(w.p)lx.[I(v.)lx_, =7

To conclude, we have shown that the assumptions of the BNB theorem are satisfied and thus the result

follows. .
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4. ANALYSIS OF THE POINT STRESS PROBLEM IN WEIGHTED SPACES

For the point force problem, we obtained the fundamental solutions from potential theory in Section 3.1.
In the case of the point stress problem (2.2), the source term is given by the unconventional V - (61) and we
therefore require a more involved approach. As in the previous section, we first identify the singular behavior
of the solution and then show well-posedness in appropriately weighted function spaces.

4.1. Identifying the singularity

We start by considering a simpler but closely related problem, namely the negative Laplace equation. Let g
be its fundamental solution, i.e. the function that solves

—Ag =. (4.1)
Since g is explicitly known in the literature ([14], Sect. 2.2), we can calculate Vg for x # 0. We obtain

T
27

Vg = r

27r?

SH Y
|

1,
2, (4.2)
T 3.

The function Vg is closely related to the solution to (2.2) and we dedicate the following lemma to highlight
this relationship.

Lemma 4.1. Given g the fundamental solution to the negative Laplace equation (4.1). Then g := (2u+X)"1Vyg
satisfies

-V -Ceg =V - (6I). (4.3)

Proof. Recalling that C = 2u 4+ AI'Tr, we start with the first term. Substituting Vg and using the Einstein
summation convention, we derive

—V - (2ueVyg) = —2u0; (;(ajaig + 8i8jg)> = —2010;(0;0;9)
= —2010;(0;0,9) = 2uV(—Ag) = 2uV - (81).
The same substitution in the second term leads us to
=V - (MV-Vg)I) =V - (AM=Ag)I) = \V - (o).
The result follows by linearity. O
Lemma 4.2. For g defined in Lemma 4.1, we have g € L%() for a > %.

Proof. By the previous lemma, we have that g = (2u+\)~'Vg with Vg given by (4.2). Letting ¢4 be the surface
area of the unit (d — 1)-sphere, a direct computation gives us

IVallgz @) = / r2e|rt=de e 2a0 = 052/ pra=(d=2)-dq0 — 052/ re=4dQ < oo
“ Q Q Q

for e, = 2o — (d — 2) > 0. In the final inequality, we use that a transition to radial coordinates (spherical in
3D) introduces a scaling with 7¢=1. In turn, the integrability of 7¢~! on any bounded subset of R gives the
result. O
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2 0 1
T < 2

FIGURE 2. Numbering and directions of point forces in 1D and 2D. By considering the point
forces with k # 0 and the limit |xo — xx| | 0, we obtain the point stress problem.

4.2. Well-posedness analysis

The point stress problem (2.2) is formed by changing the right hand side of (3.11) to —(V - (6I), v). However,
now Theorem 3.3 is not applicable because V - (61) ¢ W', for a > 0. Moreover, the solid pressure formulation
from Section 5.1.2 does not provide the desired result either. In particular, if we change variables to p = p + 4,
we are led to the system: Find (u,p) € X, such that

(2ueu,ev)y + (B, V-v)y =0 Yv e W_, (4.4a)
—(V-u, Q)+ (A '5q) =(A""6,q), VgelL?,. (4.4b)
But again we note that A=1§ ¢ (L2 )’ for a < 1 [15]. We therefore require a different approach and we proceed

by considering the point stress problem as the limit of a sequence of point force problems.

During this construction, we manipulate the solutions of separate point force problem using translations and
rotations. For simplicity, we assume that the domain Q C R¢ is the unit d-ball centered at the origin, with
d < 2. Let us define the following key building blocks:

R:=-1, ép:=1, ifd=1,

0-1 R 1 .
R:= {10}, 6012[0:|, ifd=2.

The rotation p (reflection in 1D) and the unit vector é; are then given by
(pu)(z) = Ru(R'x), é; = RFéy, 1<k <24

Next, we consider translations. Let xj, := —eéy for given € > 0 (cf. Fig. 2) and 1 < k < 27, If we directly
define a translation with respect to these points, it may occur that a function needs to be evaluated outside of
its domain §2. We avoid this by introducing a natural extension to the exterior of 2 and utilizing the translation
of the extension:

Q
(Rv)(z) = {”S’“’()ﬁx)’ i ; o o) = (Ro)(@ - ) (4.5)
in which II returns the reflection in the boundary 0. This reflection can easily be obtained by the assumed
shape of Q.

For 1 < k < 2%, let point sources be defined as 8 := §o(x — x)) with §p the Dirac delta distribution centered
at the origin. We are interested in the following central finite difference limit for sufficiently smooth v, illustrated
in Figure 2:

2d

(6,~V -v) = lim % > (Okéx,v). (4.6)

10
el k=1
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Our aim is to use this observation to obtain existence and stability of the solution to the point stress problem
(2.2). The first step is to consider each point source problem separately. Thus, for 0 < k < 2%, let uy, € Wi.a
solve the weak formulation:

A(uk,vk)g = <6kék,v>, Yoy € Wk,—a- (4.7)

Here, the weight in W}, , is given by r§(x) := | —xx|*. We note that problem (4.7) is well-posed by Theorem 3.3.
Moreover, we have a characterization of the solution, shown in the following lemma.

Lemma 4.3. Let wy € HY(Q) satisfy

A(wy, v) =0, Yo e H'(Q)

wy, = —7p U, on 0f).
Then the solution uy to (4.7) can be characterized as
wup = Tkpkuo + wyg.

Proof. We first note that §pé = 73,p" (d0€p). By translational and rotational invariance, we see that Tep g
satisfies (4.7) except for the boundary conditions. Thus, we let wy form a correction from the kernel of A.
In turn, 7 p"ug + wy, solves (4.7) and the characterization follows by the uniqueness of the solution shown in
Theorem 3.3. (I

Next, we aim to formulate a combined problem with multiple sources. For that, we cannot use a simple
superposition argument for the weighted function spaces since Wi, o # Wi, o for k1 # ko. Instead, we need
test functions that are sufficiently smooth at all source locations. Let us therefore define the test space V_, and
its associated norm as

2d
Voo i= () Wemar ollve. = [rafdev]lg,
k=1

with rmin () = ming <g<9a 7 () for & € Q. The trial space is then defined as
Vo i={v|vlly, <o}, [vllv, = [rfin0svllo-

The fact that || - ||y, is a proper norm on V_, is shown below.

Lemma 4.4. The following norm equivalence holds

2(1

i, =D vl .-
k=1
Proof. By denoting the subdomain Q := {z € Q: 74(z) = rmm(z)}, we derive
24 24
Irmindsollg = ;Hréaaxvﬂék < ;Hriaaxvﬂé < 2|lraduv]l-

Here, the first step uses the definition of Qj, the second step is due to the fact that Q, C 2, and the final
inequality follows from the definition of ryjy,. O
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With the spaces V., defined and a given €, we are ready to formulate the limiting problem with multiple
point forces: Find u,. € V,, such that

2:1

Alue,v) = %Z(ékék,v), Vo e V. (4.8)
k=1

Lemma 4.5. The combined problem (4.8) admits a unique solution u. € V,,. Furthermore, we have the char-
acterization

Ue = 1 Z ug, (4.9)

with u, € Wy, o the solution to (4.7).

Proof. First, we use the arguments from Theorem 3.3, with 7, substituted for r, to derive that (4.8) admits
a unique solution in the space V.
Next, we note that V_, C Wy, _, for each k. In turn, the linearity of the problem implies that

24 24 24

1 1 1 .

276 E U, v = 276 E A(Uk,v) = ?G E <5k€k,v>, Yo € V_a
k=1 k=1 k=1

By observing that Wy, C V,, for each k, we obtain the explicit representation (4.9) of the (unique) solution
Ue. ([l

With problem (4.8) well-defined, we continue by considering the limit € | 0.
Lemma 4.6. The limit solution can be decomposed as

hf(r)l U = U+ W, (4.10)

in which w € L?, is given by

i {8 U, d=1,
(01 + Oyp)ug, d=2,
and w € HY(Q) satisfies
Alw,v)=0 VYoeH'(Q), w=-a ondQ.
Proof. We first use Lemmas 4.5 and 4.3 to decompose the limit as

2d

1
lim w, = lim — up = lim — Fu w).
im im o Z k 61%1262(71& 0 +wy)

Let us consider the two terms on the right-hand side separately. For the first term, we note that the solution
possesses the symmetry ug(—x) = ug(x) due to the assumed geometry . This can be summarized for both
values of d by plug = —uo.

For d = 1, this gives us

2

ToUp — T1UQ -
1 U — hm _— = 8 Ug — Uu.
elO 2 ZTkp 0~ o 2 o0
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For d = 2, on the other hand, we have

4
1 — —
lim ZTkP wy = hrg(muo T2UQ I T1PpUo T:spu0> = (0.1 + Oyp)up = u.

€l0 2¢ 2¢ 2¢

For the second term in the limit, we recall that each wy, satisfies A(wy,v) =0 for all v € H!' In turn, since
the kernel of the corresponding operator is closed, the limit @ will also be in the kernel of A. Such functions
are completely determined by the boundary values, and we therefore derive

2d

1 ~
elO 2 Zwk - 161%1 % ;(*Tkpkuo) = —u, on 0N.

Lemma 4.7. For d < 2, the function w from Lemma 4.6 satisfies
@l < e (4.11)

Proof. For d =1, 4 = 0,uy is piecewise constant by (3.2) and attains the values +c for some ¢ > 0. Since w is
a harmonic extension, we have || < ¢ almost everywhere and thus

lwllg: <llelz = llallg,-

We continue with d = 2 and recall that (3.2) gives us

1 L1
uy = m(—(i’) —4v)log(r)I +7 Q) {O] . (4.12)

A straightforward computation leads us to

2v—-1 7 1 7
u = (0,1 + 0, —=- — 4.13
4= (0T +dyp)u drp(l—v) r 2p+ A 2wy’ (4.13)
in accordance with Lemma 4.1. Let ¢ := (27r(2u + X)) ™!, then we have
1 1 [+ 2 )
I1Bllz: S ll@ly, < 3, A @ @) < 5o Alem, ez) < le(ca)|La- (4.14a)

Here, we used Korn’s inequality (3.9), the coercivity (3.13b), and the fact that w solves a minimization problem.
The final inequality is the continuity (3.13a). We continue as follows for a < 1:

le(ca)lpe = llelll e = 2llefll gz < 2f[ero'7

2= 2||12||L§ (4.14b)
Together, equations (4.14) provide the result. a
Theorem 4.8. For d < 2, the point stress problem admits at least one solution u € W, that satisfies
lullzz S leodllw . (4.15)
Proof. Combining the results from Lemmas 4.6 and 4.7, we derive

lullzz = limlirnnuello = 1o+ @y < llalg; + 1wy Sl < lluollw, < ll€odlw:

Here, the final step is due to Theorem 3.3. (Il
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5. FINITE ELEMENT APPROXIMATION OF THE POINT STRESS PROBLEM

With the well-posedness of the systems shown, we continue with the discretization methods. For this, we
choose conforming finite elements of lowest order in order to have a straightforward exposition. Moreover, we
limit this presentation to the point stress problem as it is the less conventional of the two modeling approaches.
Two discretization strategies are presented. The first is a direct discretization of (2.2) while the second exploits
the results from Section 4 to effectively remove the known singularity.

5.1. Direct discretization methods

We first consider a direct application of the finite element method. In this context, the primal formulation
and the solid pressure formulation lead to different schemes and we therefore present these separately.
5.1.1. The primal formulation

Let us discretize the point stress problem (2.2) with the use of linear, continuous Lagrange elements, i.e.
Vi, :=P¢ and V;, = Vj, N H*(Q). This leads to the discrete problem: Find w;, € Vj, such that

(2ueun, evp)g + AV - up, V-vp)g = —(6,V-v3), Vo, € V. (5.1)

The integral on the right-hand side is an evaluation of V - v, at the fibroblast’s center. This is a very simple
computation since V - vy is a piecewise constant function in the lowest order case. Numerically, this amounts
to merely finding the element in which the cell center resides.

5.1.2. The solid pressure formulation

For nearly incompressible materials, the Lagrange elements of lowest order suffer from the “locking” phe-
nomenon. To avoid this, we discretize (4.4) and obtain the discrete problem: Find (uy,pr) € Vi x @, such that

(2uewn,evp)q + (P, V- vi)g =0, Yo, € Vi, (5.2a)
—(Vun,qn)g+ (A Proan) = (A 0qn),  Van € Qn. (5.2b)

Any Stokes-stable pair of mixed finite elements can be used for Vi, x Qn and we focus on the pair P% x Py in 2D
and Taylor-Hood P§ x P; in 3D. We emphasize that, due to the change of variables, the right-hand side in the
second equation corresponds to a point evaluation of the test function. Moreover, in the incompressible limit
A — o0, the influence of the fibroblast naturally decays as the medium does not allow for volumetric changes.

5.2. A singularity removal method

Following the ideas of [10,15], we formulate a singularity removal method to solve (2.2). The strategy is to
decompose the solution u = g + w with g the derived solution from Lemma 4.1 and w € H'(Q) a smooth
correction.

We approximate w by introducing a finite element space V;, C H'(£2) and solve the following problem: Find
wy, € Vj, such that

(uewp, evy)g + (AV - wp, V- v,)g =0, Yoy, € Vi, (5.3a)
wy, = —1Ig, on ON. (5.3b)

Here, Vi, = V,, N H' and II,, is a suitable projection onto the boundary degrees of freedom of V.

Problem (5.3) is a conventional boundary value problem. In turn, due to standard arguments for finite element
methods, wy, is expected to be a good approximation of w, particularly if the boundary data is smooth. This
is the case in our setting if the singularity is located sufficiently far away from the boundary. The error then
depends on ||(I —TI;)glloa and convergence depends solely on the approximation properties of the finite element
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space and the shape-regularity of the mesh. We remark that the correction wj, can alternatively be obtained
using the solid pressure formulation discussed in Section 5.1.2.

A disadvantage of the singularity removal method is that it is only applicable for linear problems, and hence
it is not easily extendable from linearized elasticity to more involved models. The incorporation of plasticity,
morphoelasticity, finite strain measures, or material anisotropy, for example, complicates the derivation of the
analytical solution, often making it unavailable in practice. The direct discretization schemes of Section 5.1 are
therefore more amenable to such extensions. The problems regarding the singularity are expected to persist in
viscoelasticity due to lack of an analytic solution. However, due to the presence of the viscosity term in the
time derivative, viscoelasticity discretizations possibly do not suffer from locking problems in case of Lagrangian
finite element methods. These issues are reserved for future analyses.

6. NUMERICAL RESULTS

Let Q = [~1,1]¢ with d = 1,2,3 and let Qj, be a regular, structured, and simplicial grid with mesh size h. We
include a stress source at g = {—1/6}% and choose h so that the point source is always located in the interior
of a single element of the mesh. For simplicity, we set the Lamé parameters to unity, i.e. u = A = 1.

Two test cases are presented that differ only in the imposed boundary conditions. The first is designed to
verify the analysis of Section 4, in particular the validity of the derived solution g. On the other hand, a second
test case is presented that demonstrates the advantages of the singularity removal method. The numerical
experiments were implemented in FEniCS [22] with the finite element spaces chosen as in Section 5.1.

Our main interest lies in the convergence of the displacement variable for the different formulations and the
different test cases in all dimensions. We therefore compute the relative error in a variety of norms for several
refinements of the grid and compute the convergence rates accordingly.

6.1. Approximation of the singular solution

In this first test case, we set the boundary conditions to
u(x) =gl —xp), x € . (6.1)

The analysis of Section 3 shows that g(@ — @) is the solution to this problem. In turn, the singularity removal
method of Section 5.2 would lead us to the trivial correction wy, = 0. It is therefore more interesting to directly
apply the primal and total pressure finite element formulations of Section 5.1 to this problem.

Table 1 shows the relative errors and convergence rates for the one-dimensional test case. Here, we observe
that the primal formulation converges to the solution given in (4.2). The discontinuity in the solution implies
that u ¢ H*(Q)) and this impacts the convergence in L?(f2), reducing the rate to approximately 0.5. However,
let Byz,,0.01} be a ball of radius 0.01 centered at @q. If Bz, .01} is removed from the domain of integration,
we see that the solution is obtained for sufficiently fine meshes (up to machine precision). On the other hand,
first-order convergence can moreover be recovered by using a weighted norm with « = 0.5, as shown in the final
columns.

The results for the two-dimensional case discretized by the primal and solid pressure formulations are shown
in Table 2. First-order convergence is observed away from the singularity. Furthermore, increasing « from 0.5
up to 1 increases the order of convergence in L?-norms over the entire domain . Finally, Table 3 shows the
three-dimensional results using the primal formulation. Also in this case, first-order convergence is observed
away from the singularity. In all cases, convergence is obtained if the error is evaluated by either excluding a
ball of positive radius around the singularity or using a properly weighted norm. Here, we have used weighting
parameters a = 0.5 + % and a =1+ %, in accordance with Lemma 4.2.

We note that the problem in 3D is not covered by the presented theory, mainly because we cannot directly
assume that the functional § is well-defined on W_,,. Nevertheless, it is easily implementable and the results
show the validity the fundamental solution suggested by Lemma 4.1.
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TABLE 1. Convergence results of test case 1 in 1D using the primal formulation.

L2 (Q \ B{w0,0.01}) LQ(Q) L35(Q)
log,(1/h)  Error Rate  Error Rate Error Rate
5 7.58E—-02 1.18E—-01 1.63E—-02
6 3.02E-02 1.33 8.35E—-02 0.50 8.15E—03 1.00
7 5.67E—-04 5.74  5.89E-02 0.50 4.08E—03 1.00
8 4.70E-14 - 4.21E-02 0.49 2.04E-03 1.00
9 4.21E-14 - 2.95E-02 0.51 1.02E—03 1.00
10 2.31E-13 - 2.17E-02 045 5.12E-04 0.99
11 5.68E—-13 - 1.48E-02 0.55 2.54E-04 1.01
12 3.01E-12 - 1.20E-02 0.31 1.41E-04 0.85

TABLE 2. Convergence results of test case 1 in 2D.

2367

Primal Solid pressure
L?(Q\ B{ay.0.1}) L 5(Q) L3 () L?(Q\ B{ay.0.1}) L3 5(2) L3 ,(Q)
log,(1/h) Error Rate Error Rate Error Rate Error Rate Error Rate Error Rate
2 5.48E—-01 5.10E-01 3.68E—-01 3.44E—-01 3.36E—-01 1.38E—01
3 4.50E—01 0.28 4.35E—-01 0.23 2.97E—-01 0.31 1.38E—01 1.32 2.36E—01 0.51 6.97E—02 0.99
4 3.94E-01 0.19 3.43E-01 0.34 2.01E-01 0.56 5.66E—02 1.29 1.65E—01 0.52 3.49E—02 1.00
5 2.70E-01 0.55 2.56E—01 0.42 1.24E—-01 0.70 1.46E—-02 1.95 1.13E—-01 0.54 1.75E—02 1.00
6 1.52E-01 0.83 1.86E—01 0.46 7.16E—02 0.79 2.20E—-03 2.73 7.54E—02 0.59 8.75E—03 1.00
7 7.77TE-02 096 1.34E—01 0.47 4.01E—02 0.84 5.45E—04 2.01 4.45E—-02 0.76 4.22E—03 1.05
8 3.91E-02 0.99 9.71E-02 0.47 2.20E-02 0.87
9 1.96E—02 1.00 7.09E—02 0.45 1.19E—02 0.88
TABLE 3. Convergence results of test case 1 in 3D using the primal formulation.
L? (2 )\ B{ay.0.31) Lio(Q) L?5(Q)

log,(1/h)  Error Rate  Error Rate Error Rate

2 9.02E—-01 9.13E-01 8.61E—-01

3 1.13E00 —0.32 8.78E-01 0.06 7.25E-01 0.25

4 7.05E-01 0.68 6.99E-01 0.33 4.71E-01 0.62

5 3.58E—-01 0.98 5.24E—-01 0.42 2.85E—01 0.72

6 1.79E-01 1.00 3.79E—-01 0.47 1.62E—-01 0.81

7 8.98E—-02 0.99 2.68E—-01 0.50 8.98E—-02 0.85

6.2. The Dirichlet problem
As a second test case, we consider homogeneous Dirichlet boundary conditions, i.e. we set
u(x) =0, « €. (6.2)

In this case, the direct approaches suffer from the same suboptimal convergence observed in Section 6.1. We
therefore use this test case to explore the singularity removal method of Section 5.2. For 1D, we note that the
correction wy, is given by a linear distribution which can easily be represented exactly by linear finite elements.
The numerical experiments therefore only consider the cases d € {2,3}. Since the true correction w is not
available to us, we use the correction wy, obtained on a finer grid as a surrogate.
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TABLE 4. Convergence of the correction in the singularity removal method.

2D Primal 2D Solid pressure 3D Primal
L*(Q) H'(Q) L*(Q) H'(Q) L*(Q) H'(Q)
log,(1/h) Error Rate Error Rate Error Rate Error Rate Error Rate
9.15E-02 3.32E-01 1.89E—-02 1.11E-01 1.72E-01 5.66E—01

3.38E—-02 1.44 1.92E-01 0.79 3.70E—03 2.35 3.98E—02 1.49 6.47E—-02 1.41 3.30E—01 0.78
1.02E-02 1.73 1.01E-01 0.93 8.02E—04 2.21 1.53E—-02 1.38 1.91E-02 1.76 1.74E—01 0.92
2.75E-03 1.89 5.12E-02 0.98 1.85E-04 2.12 6.62E—03 1.21 5.02E—03 1.93 8.85E—02 0.98
7.02E-04 1.97 2.58E-02 0.99 3.98E—-05 2.22 2.83E-03 1.22 1.20E-03 2.07 4.45E—02 0.99
1.71E-04 2.04 1.29E-02 1.00
3.91E-05 2.13 6.56E—03 0.98

O 3O ULk Wi

Table 4 shows that the solution exhibits second order convergence in the L? norm and first order in H', as
expected for Lagrange elements of lowest order applied to the boundary value problem problem (5.3). Impor-
tantly, this demonstrates that the singularity removal method is a viable solution technique that converges with
optimal rate, namely with rates of 2 and 1 in the L? and H'-norms, respectively.

7. CONCLUSIONS AND GENERALIZATION

We have analyzed the well-posedness, in terms of existence and uniqueness, of linear elasticity problems with
point sources in weighted Sobolev spaces. We have presented fundamental solutions and assessed singularities
of various mathematical nature that arise in the case of point forces and point stresses. The results have been
validated using computational examples.

To generalize this work, we are often interested in multiple moment point sources with different locations
and strengths. Thus, indexing each of these sources with ¢, we formulate the generalized problem as

c—Ceu=0 (7.1a)
~V.o=) V-(&M;), inQ, (7.1b)
u=0, on 99, (7.1c)

in which §; is the Dirac delta distribution centered at ; and M; is the corresponding stress tensor. Note that M;
need not be isotropic in general, allowing for the modeling of torque, and shear moments. Following a derivation
analogous to (2.3), this gives us the functional:

(V- (6:;M;),v) == (6;, =V - (M v)). (7.2)

The theoretical and numerical investigation of such models in the appropriate functional setting forms a topic
for future investigation.

APPENDIX A. A NUMERICAL INVESTIGATION OF KORN’S INEQUALITY IN WEIGHTED
SOBOLEV SPACES

In order to show that Conjecture 3.1 is a reasonable hypothesis, we herein present a numerical experiment on
a unit square that suggests its validity in the discrete setting. For that, we first note that the one-dimensional
version is trivial, since the symmetric and conventional gradient coincide in that case. We therefore focus on
the two-dimensional case.
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TABLE A.1. Korn’s constant in weighted norms for the Lagrange elements of first and second
order.

Linear elements (Pq) Quadratic elements (P2)
logo(1/h) a=01 a=05 a=10 a=01 a=05 a=1.0
2 1.88 1.84 1.79 2.03 2.05 2.05
3 1.98 1.99 1.97 2.06 2.14 2.15
4 2.01 2.09 2.08 2.08 2.23 2.22
5 2.04 2.19 2.17 2.09 2.30 2.27
6 2.06 2.27 2.23 2.10 2.36 2.30
7 2.08 2.33 2.27 2.10 2.41 2.32
8 2.09 2.38 2.31 2.11 2.44 2.36

We aim to show that a constant Ay, < 00 exists such that
Vo2 < Amax|[r¥ev|5, Yo € W,. (A1)

We do this by setting up a generalized eigenvalue problem. For given finite element space ‘D/'h, we have the
following problem: Find w € V} and Apnax € R such that

(reVu,r*Vu)q = Amax(reu, rev)q, Y € V. (A.2)

The eigenfunction corresponding to the largest (generalized) eigenvalue satisfies (A.1) with equality. In turn,
this eigenvalue gives us insight into Korn’s constant and we therefore investigate whether it remains bounded
with respect to mesh size and polynomial degree. This is indeed the case, as shown in Table A.1.
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