Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Volume 198, issues 17-20, Published 15 April 2009 ISEN 0045-7825
Editors:
Computer A
Austin, TX, USA
methods in imoun
applied Rt e
= Founding Editors:
mechanics i g
W. Prager
and
engineering
Available online at
“s. ScienceDirect
www.sciencedirect.com hitp=iiwaw. elsavier. comlocatelcma

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Comput. Methods Appl. Mech. Engrg. 198 (2009) 1513-1534

Comput. Methods Appl. Mech. Engrg.

Contents lists available at ScienceDirect

Computer

methads in
applied
maechanics

enginoering

journal homepage: www.elsevier.com/locate/cma

A discontinuous-Galerkin-based immersed boundary method with
non-homogeneous boundary conditions and its application to elasticity

Ramsharan Rangarajan®!, Adrian Lew **2, Gustavo C. Buscaglia >3

4 Department of Mechanical Engineering, Stanford University, Stanford, CA 94305-4040, USA

b Instituto de Ciéncias Matemdticas e de Computagdo, Universidade de Sdo Paulo, 13560-970 Sdo Carlos, SP, Brasil

ARTICLE INFO ABSTRACT

Article history:

Received 22 August 2008

Received in revised form 21 December 2008
Accepted 8 January 2009

Available online 31 January 2009

Keywords:

Immersed boundary methods

Elasticity

Non-homogeneous boundary conditions
Discontinuous Galerkin

We propose a discontinuous-Galerkin-based immersed boundary method for elasticity problems. The
resulting numerical scheme does not require boundary fitting meshes and avoids boundary locking by
switching the elements intersected by the boundary to a discontinuous Galerkin approximation. Special
emphasis is placed on the construction of a method that retains an optimal convergence rate in the pres-
ence of non-homogeneous essential and natural boundary conditions. The role of each one of the approx-
imations introduced is illustrated by analyzing an analog problem in one spatial dimension. Finally,
extensive two- and three-dimensional numerical experiments on linear and nonlinear elasticity prob-
lems verify that the proposed method leads to optimal convergence rates under combinations of essential
and natural boundary conditions.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

This article is concerned with the creation of a discontinuous-
Galerkin-based immersed boundary method for quasistatic elastic-
ity problems. In doing so, we propose a strategy to impose
non-homogeneous Dirichlet and Neumann boundary conditions
while preserving optimal order of convergence. These ideas are not
particular to elasticity, but rather to general second-order elliptic
problems. We specify two such methods for piecewise linear ele-
ments in two and three spatial dimensions, and demonstrate the
quadratic order of convergence of the resulting numerical scheme
with numerical examples.

Immersed boundary methods refer here to numerical methods
that construct an approximation to a boundary value problem on
a background grid that need not fit the domain of the problem.
By choosing as background grid that of a simple-to-mesh open
set that contains the domain of the problem, the well-known diffi-
culties in automatically meshing complex domains are side-
stepped. On the other hand, the difficulties are now transferred
to the design of strategies to impose boundary conditions.
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Two key features that distinguish different IB methods are: (a)
how the exact domain of the problem is approximated in the
background grid and (b) how boundary conditions on the bound-
ary of the approximate domain are imposed. Domains are nearly
always approximated, and as a result, the boundary of the prob-
lem is only an approximation of the exact one. This naturally
poses the question of how boundary conditions originally pre-
scribed on the exact boundary are approximated and enforced
on the approximate one.

In [32] a discontinuous-Galerkin-based immersed boundary
method (DG-IBM) was proposed, dealing with the simpler case of
homogeneous Dirichlet boundary conditions on the entire bound-
ary, and formulated for the Poisson and the scalar reaction-diffu-
sion equations. The approximate domain was constructed as the
interior of the zero sublevel-set of the interpolant of the signed dis-
tance function to the boundary of the exact domain. The approxi-
mation of boundary conditions in this case was trivial:
homogeneous Dirichlet boundary conditions were imposed on
the approximate boundary. A two-dimensional implementation
of the method with piecewise linear triangles was described. The
method was numerically shown to attain second-order conver-
gence rate in the L> norm.

Approximations of the domain and non-homogeneous bound-
ary conditions of both Dirichlet and Neumann type are by no
means problems specific to IB methods. In fact, these were issues
addressed early on in the creation of classical finite element meth-
ods, see, e.g. [63-65,16,46,47,8-10,31,52]. For instance, when
adopting a polygonal approximation of a curved domain, the rate
of convergence is at best quadratic in the L* norm irrespective of
the polynomial order of the basis functions, see [52,57,12]. Both
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approximations should be appropriately tailored to guarantee opti-
mal order of convergence of the method. Isoparametric elements
are perhaps the optimal result of these considerations, albeit they
are not the only possibility. Following [31] in the construction of
isoparametric elements, the approximate boundary interpolates
the exact one at some nodes. The interpolant of the prescribed ex-
act boundary values at these same nodes acts as the approximate
boundary condition on the approximate boundary. In this way
the error stemming from approximating the domain and that from
approximating the boundary values are of the same order. This is
why subparametric elements are hardly a convenient alternative.

Recently, there have been efforts to use functions inspired by
CAD as basis functions to approximate solutions of partial differen-
tial equations. B-splines and NURBS have been used very success-
fully in CAD for accurate representations of complex geometries.
This success is attributed not only to the special properties of these
functions, but also to efficient evaluation algorithms credited to de
Casteljau [19] and De Boor [18], among others. Apart from guaran-
teeing accurate domain representation, they have the added con-
venience of allowing for the construction of spaces with higher
order continuity, for instance C' or C?, instead of the typical C°.
Early methods that adopted these ideas are the R-functions
method (RFM) [60,45] and the Weighted extended B-splines
(Web-splines) method [25,26]. Both are closely related meshfree
methods that use B-splines as basis functions. However, they do
not exploit the properties of B-splines for domain representation;
they use them solely for interpolation purposes. The information
about the domain is implicitly conveyed via the boundary condi-
tion. Homogeneous essential boundary conditions are enforced on
the exact boundary by multiplying the basis functions by a smooth
enough function that vanishes only at the boundary, for instance an
R-function [60,45]. Non-homogeneous essential boundary condi-
tions require either the solution of a system of equations involving
all unknowns along the boundary to determine the approximate
boundary conditions [25], or they are simply approximated in a
suboptimal way, resulting in a diminished convergence rate as ob-
served in the presence of boundary locking [45].

The ideas in isogeometric analysis [27] constitute a new effort in
a similar direction. In this context, NURBS are adopted both to
accurately represent the boundary and to construct approxima-
tions of the solution. As with the other two spline-based methods,
homogeneous essential boundary conditions are easily imposed,
while additional care is needed for non-homogeneous ones. In
[49], NURBS-based discretizations are adopted only near the
boundary, to harness the accurate representation of the domain,
while retaining traditional finite element approximations in the
interior.

Applications of some immersed boundary methods to elasticity
can be found in [11,7,48], among others. See also [4] for some re-
lated ideas. A qualitative discussion, by no means comprehensive,
of different approaches to approximate the domain and impose
homogeneous boundary conditions in immersed boundary meth-
ods was provided in [32]. A recent review can be found in [40].
Herein, we focus part of the discussion on the imposition of non-
homogeneous boundary conditions. A broad class of IB methods
rely on constructing an artificial set of forces on the exact Dirichlet
boundary to impose the prescribed boundary conditions, e.g.
[24,43,30,62]. Instead of defining an approximate boundary, the
computed force is spread over several grid points by some regular-
ization of the surface Dirac delta distribution commensurate with
the mesh size. Non-homogeneous Neumann boundary conditions
can be dealt with similarly; in this case the force is simply pre-
scribed. As in penalty methods, a stiff system of equations may
be obtained depending on how artificial forces are constructed.

A second class of IB methods imposes Dirichlet boundary con-
ditions directly. If not carefully crafted, these approaches often

lead to suboptimal convergence rates. Boundary locking may oc-
cur [32], which is a loss in the approximation properties near
the Dirichlet boundary because of the constraints imposed by
the strong boundary conditions. Locking can be avoided by
imposing boundary conditions weakly through Lagrange multi-
pliers (e.g. [5,41]), such as in the fictitious domain method
[22], or by carefully selecting collocation points at which bound-
ary values are enforced. Alternatively, Nitsche’s method or any of
its variants [17] can be adopted. They utilize a modified weak
form of the problem to impose boundary conditions; we refer
to [4] for a discussion. In [36] essential boundary conditions
are imposed strongly and locking avoided by essentially regard-
ing triangles or tetrahedra along the boundary as degenerated
quadrilaterals or hexahedra. DG-IBM circumvents locking by
introducing a discontinuous Galerkin discretization on those
elements intersected by the boundary. Additionally, the lack of
continuity across elements enables the choice of a convenient
basis within each element intersected by the boundary. In [32]
one such basis was proposed having two of the nodes located
along the approximate boundary, instead of at the vertices of
the triangle. Prescribed boundary values can be directly set
therein, sidestepping the need to impose additional constraints,
like, for instance, a ghost-cell method would do [59]. Approaches
that utilize local remeshing to construct a finite element mesh
that conforms to the boundary will of course not display any
locking (e.g. [20]), but this task could become quite cumbersome
in three-dimensions. Both local remeshing and the immersed
boundary approaches may lead to poorly shaped elements or
parts of it, with perhaps the latter being somewhat more
advantageous.

Similar difficulties in imposing essential and natural bound-
ary conditions have been faced by meshless methods, e.g.
[4,6,21], or the natural element method [53]. The boundary is
always immersed in these cases. Furthermore, it is often difficult
to construct interpolants with the associated sets of basis func-
tions. Boundary values have therefore been imposed as con-
straints. Lagrange multipliers [2,5,22] and penalty methods [3]
are commonly used for this purpose, though they come with
their own share of troubles. As for immersed boundary meth-
ods, selecting the right space of Lagrange multipliers is a deli-
cate task; a very large space may lead to a degenerate system
of equations, while the other extreme will result in poorly sat-
isfied boundary conditions. When a penalty approach is adopted,
it is necessary to deal with the well-know difficulty of finding a
value of the penalty parameter that will impose the constraint
without overly stiffening the system of equations. The use of
Nitsche’s method in this context is reported in [28,4,51]. Hybrid
approaches in which standard finite elements are adopted near
the boundary have also been proposed [29]. Finally, the charac-
teristic function method described in [4, p. 111] is a very
general idea that enables the construction of high-order approx-
imations in immersed boundary and meshless methods, at the
cost of modifying the approximation space in large parts of
the domain. No standard and simple solution seems to be
available to impose non-homogeneous boundary conditions in
this case.

The contributions of this manuscript are:

(1) The formulation of DG-IBM for linear and nonlinear elastic-
ity problems, demonstrating its performance with numerical
examples.

(2) The formulation of a strategy to impose Dirichlet and Neu-
mann boundary conditions in immersed boundary methods,
and the specification of two alternative ways of doing it
when piecewise linear discretizations over simplices are
adopted.
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The outline of the paper is as follows. Section 2 introduces a set
of general conditions that, if satisfied by an immersed boundary
method for a linear elliptic boundary value problem, will guarantee
at least a linear convergence rate in the energy norm. These condi-
tions are somewhat standard, albeit not yet stated in the context of
immersed boundary methods. The first condition requires that the
underlying finite element space be able to approximate the exact
solution. However, it must do so by attaining some prescribed val-
ues at the Dirichlet boundary. This is where the construction of the
approximate non-homogeneous essential boundary conditions dis-
cussed in this paper becomes important. The second condition is
simply an asymptotic consistency one, standard for some discon-
tinuous Galerkin methods and related to the analysis of the
so-called variational crimes, see, e.g. [52]. Section 3 describes the
elasticity problem, while the method is formulated in Section 4.
In particular, Section 4.4 describes two alternative methods to im-
pose non-homogeneous Neumann and Dirichlet boundary condi-
tions, based on the strategy proposed in Section 2. The first
method is somewhat simpler, but of a narrower scope, since it can-
not be fully automatized. The second method, instead, is generally
applicable. In Sections 4.4 and 4.5 we analyze the satisfaction of
the two conditions for convergence of Section 2 in the case of a
one-dimensional problem. Despite the fact that there are a number
of important differences with higher-dimensional cases, we pro-
vide this analysis to illustrate how the two conditions in Section
2 play a role in the optimal convergence of the method. Being
one-dimensional, the proofs are short and concise, and devoid of
a number of technical details needed in higher-dimensional cases.
Section 5 demonstrates the optimal convergence rate of the meth-
ods proposed here through two- and three-dimensional examples
in linear elasticity, for which analytical expressions for their exact
solutions are known. We pay special attention to different combi-
nations indexed of types of boundary conditions, including prob-
lems in which the closure of the Dirichlet and Neumann
boundaries may intersect. We conclude with two numerical exam-
ples in nonlinear elasticity aimed at demonstrating the ease of the
method to handle complicated geometries. These are the compres-
sion of a femur, and the deformation of an image-based geometry.

2. Designing the method

Before we describe the method proposed in this article, we out-
line some conditions that will help in constructing it. These largely
follow arguments made in [12] for the formulation of finite ele-
ment methods with non-homogeneous boundary conditions in
curved domains. As shown there, the detailed proof of convergence
of a specific method is a rather delicate task. The goal herein, how-
ever, is to describe key conditions that should be kept in mind in
the design of these methods. We therefore do this in a very general
framework, which while valid for this task, does not fully expose
the subtleties involved in understanding the precise way these
methods converge.

We would like to numerically approximate the exact solution of
a second-order elliptic boundary value problem on a sequence of
easy-to-discretize domains, none of which might be the exact
one, with optimal convergence rate. As we shall see next, there ex-
ists a wide spectrum of possible constructions to accomplish it, as
long as some simple conditions are satisfied.

Let (V.| - ||,) be a Banach space of real-valued functions over an
open bounded domain Q. Consider the problem of finding a func-
tion u € V° + @ such that

a(u,v) =F(v) YveV, 1)

where V° = {v eV : 9|4 =0}, a:V x VisR is a bilinear form and
F:V—R is a linear form. Here =" C8Q, and i € V. We assume

that a, F, Q, I'® and @ are such that this problem has a unique
solution.

We construct next a numerical approximation to the solution of
this problem. We consider first a sequence of domains {Q},
indexed by the mesh size h, such that as h\, 0, @, is a better
and better representation of €, in a sense to be discussed later.
Additionally, we let # be a simple open and bounded domain, like
a box or a ball, such that QU (U,Qy) C £.

Since the exact solution and the approximations are defined on
different domains, we shall assume that it is possible to extend the
definition of u (smoothly enough) to %. We shall denote its exten-
sion with u as well.

Let V}, be a finite dimensional space of functions with @, as their
domain. We assume that we can define a norm ||| - |||,, possibly
dependent on h, on

span{V,,u} = {v (QoR[v=vy+2Ulg, vhEVH, L€ R}.

Additionally, we assume that it is possible to define an approxima-
tion operator IT, : V° + -V}, which satisfies that

(i) There exists C > 0 independent of h and that may depend on
u such that

Il = Iyl < C(w)h, (2)
where u is the exact solution of problem (1).

(i) For all v € V° + &i we have that
Hh”|rg = Hhﬂ'l‘ﬁ’ (3)

where I'f C 00y,

The discrete problem consists in finding u, € Vﬁ + ITyu such
that

an(un, vn) = Fn(vy) Yop € V5, 4)

where V,a; ={vheVy: Z/h|rﬁ =0} is the space of admissible test
functions. Here F,:Vp,—R is a linear functional, and
ay : [span{V}, u}]>~R is a coercive and continuous bilinear form,
i.e., there exists M, m > 0 independent of h such that

lan(v, w)| < MI[[2]][x /W]l (5)
for all v,w € span{V;,u} and
ml|[onllly < an(n, v1) (6)

for all v, € V5. Additionally, a, and F,, should satisfy an asymptotic
consistency condition

|an(u, vn) — Fa(vn)| < C)h|||onlll, Von €V} (7)

for some C(u) > 0 independent of h that may depend on u, the exact
solution of (1). We can now state the following lemma.

Lemma 2.1. If conditions (2), (3) and (7) are satisfied, then
lllu = un|l, < Cwh, 8)

for some C(u) > 0 independent of h that may depend on u.

The proof is rather straightforward, and is shown next. How-
ever, we first discuss the hypotheses made.

The asymptotic consistency condition (7) expresses the rela-
tionship between the numerical method proposed and the problem
to be solved. A similar asymptotic consistency condition is stated
and proved in [12]. It also shares some features with those consid-
ered in [52] when analyzing errors arising from variational crimes,
or those adopted in [35,47], among others. The asymptotic consis-
tency condition in (7), however, is often encountered in the con-
vergence analysis of the class of discontinuous Galerkin methods
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adopted herein, see, e.g. [33]. In fact, the proof of the above lemma
follows essentially the same steps as that shown in [33]. Mesh-
dependent norms as |||-]||, are often encountered in these
contexts.

Several key features of an immersed boundary method are
embedded in (7). Its satisfaction often imposes restrictions on
how @, approximates @ and Fﬁ approximates I'Y in terms of the
mesh size h. Since natural boundary conditions are part of Fj, it
also imposes restrictions on the way in which these are approxi-
mated. Notice that essential boundary condition on I'{ are strictly
imposed by thllpg-

Condition (2) states that IT,u should approximate u at the
appropriate rate. The key difference with a typical interpolation
operator is that it should be able to do so by perhaps not interpo-
lating u near the boundary, as condition (3) requests. This is neces-
sary because the values of u on I'f are not generally known. If such
an approximation operator can be constructed, it provides a natu-
ral way to impose essential boundary conditions. For example, if
tt = 0, then it should be possible to approximate the solution of
problem (1) with functions that are zero on I'Y, as done in [32],
even though u may not be zero there.

Not surprisingly, there is considerable freedom in the way the
domain and essential and natural boundary conditions are approx-
imated. For example, a method given by particular choices of ay
and F; can be modified by constructing Fy = Fy + Ly, with any
Ly € V}, such that ILally, < Ch, for some C > 0 independent of h,
and a, =ap+ by, with any by: [span{Vh,u}]zn—»lR such that
|b(u, v4)| < C(wh|||vy|||, for all vy € VS, with C(u) independent of
h. The variety of possible approximation of Neumann boundary
conditions are reflected in the multiplicity of choices for Fj. Simi-
larly, the different options for the construction of approximation
operators ITy, or for the choice of u, give rise to different schemes
for the imposition of essential boundary conditions, all of them
with the same order of convergence.

It is interesting to note that conditions (2) and (3) are precisely
the ones that are not satisfied when boundary locking appears in
the example discussed in [32]. In this case, V), is the standard con-
forming finite element space of piecewise linear triangles,
V =H'(Q), ue H*(Q) N Hy(Q), it = 0, & is such that the intersec-
tion of 02, with the interior of any element is either empty or a
straight segment, IT, is the standard interpolation operator over
piecewise linear triangles that do not intersect the approximate
boundary that satisfies IIyul,, =0, and ||| - [||, = | - HH}J(W

We conclude with two remarks. First, as we shall see next in the
proof, we need only define the bilinear form of the numerical
method on span{V;,u}, although it is often possible to do it in a
larger space. Second, lemma 2.1 compares functions by changing
domains for each value of h; it says nothing about the convergence
of the numerical approximations in Q. This is apparently not an
easy task, see, e.g. [12].

Proof of Lemma 2.1. We first bound the difference between IT,u
and the numerical solution u,. Note that because of (3),
(ITyu — uy) € V9. We then have
m|[|Tu — up|| |} < ap(ITpu — up, Myt — uy)
= ap(ITpu — u, ITyu — uy)
+ ap(u — up, ITpu — uy)
< M| nu — ||y ||| T — uplll, by (5)
+ \ah(u,H;,u — uh) — Fh(Hhu — uh)| by (4)
< CWh||[Hpu — upllly by (2), (7).

It follows that:
[[[TTu — up|l], < C(u)h 9)

and from here and (2) that

= unl[ly < [lu = Hpulll, + [[[1Tpu — up|ll, < C(u)h, (10)
which concludes the proof. O

The results in this section will next be used as design guidelines
for the strategy to impose non-homogeneous essential and natural
boundary conditions in DG-IBM. As mentioned, the task of proving
that the proposed method satisfies all conditions in this section
when restricted to a linear problem, and its convergence in Q, will
not be addressed in this article, but rather in the near future. Here-
in we shall only prove these conditions in the one-dimensional
case, which due to its simplicity, illustrates how these ideas mate-
rialize in the proposed method. The optimal convergence rate of
the method in two- and three-dimensional cases will be typified
with extensive numerical examples.

Before formulating the method, we specify next the elasticity
problem to which the method will be applied.

3. The nonlinear elasticity problem

We consider a simple elastic body with reference configuration
Q C R", an open and connected set. The nonlinear elasticity prob-
lem consists in finding the deformation mapping ¢ : 2—R" which
is a stationary point of the potential energy functional

llo) = [ (W(T0)~B-glav — [ T-pds (1)

among all smooth enough deformation mappings that are equal to
¢ on I'". Here W : R™"—R is the strain energy density, I'"* and I'®
are open subsets of I' = dQ such that I'*nI* =0, B: Q—R" indi-
cates the force per unit volume applied on the body, and
T : I'''>R" specifies the external tractions imposed on a subset of
its boundary.

The Euler-Lagrange equations corresponding to this variational
principle are

DIVIP(Ve(X))] +B=0 in Q,
P(Vo(X))-N=T onI",
where N is the unit outward normal to I'*, and

P(F) = 3 (F

denotes the first Piola-Kirchhoff stress tensor.

The existence and regularity of solutions to this problem de-
pend crucially on the properties of W, among others. We refer
the reader to [37,15] for a more comprehensive discussion. For
the discussions herein we shall assume that solutions are smooth
enough so that the approximation conditions (2) and (3) can be
satisfied.

We will consider examples with two different strain energy
densities. The first one is that of a neo-Hookean material extended
to the compressible range, namely,

A

2 log (det(F))” — plog (det(F)) + H e (FF 1) (12)

W (F) 5

if det(F) > 0, and W(F) = +co otherwise. Here 2 > 0 and p > 0 are
material parameters, and I is the identity n x n tensor. The stress
tensor follows as:

P(F) = /. log (det(F))F "+ u(F—F ). (13)

The second strain energy density is that of a linear elastic material,
namely,

WEF) ==(F-T):A:(F-T), (14)

N —
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where A is a fourth order tensor of elastic moduli. In particular, for
an isotropic material we have, in indicial notation,

At = 4 86k + (S0 + dudi).- (15)
The stress tensor follows as:
P(F)=A: (F-1I). (16)

4. Formulation of the method

In this section we describe the formulation of the method when
piecewise linear elements in two and three dimensions are
adopted. Most ideas described here, however, are directly applica-
ble to other types of discretizations, such as quads or hexahedra.
We review first the basic features of DG-IBM already introduced
in [32], and then describe two methods to impose non-homoge-
neous boundary conditions.

4.1. Meshes

Let Q be an open domain in R", n = 2,3 with, for simplicity, a
smooth boundary I = 8Q (e.g. C*). We assume that # 2 Q, is an
open domain, conveniently chosen such that it is trivial to con-
struct a family of quasiuniform (see [13]) conforming meshes 77,
of n-simplices over it. The parameter h is the mesh size. An element
Ein 77, is a closed n-simplex with an orientable boundary I'f and
unit outward normal NE.

4.2. Approximation of the domain

Let ¢ : #—R be a continuous function, piecewise smooth, such
that  <0in 2, ¢ =0o0n I" and ¢ > 0 in %\ Q. The boundary of
Q is thus the zero level-set of ¢, and so ¢ is termed the level-set
function. Next, let

@y = {vy € H'(B) : vyl € Py (E)VE € 7}, (17)

where P;(E) denotes the space of polynomials of degree less or
equal than 1. Let ¢, € @, be the function that interpolates ¢ at every
node in 7. The approximate domain ©, is defined as

Qy={xe%: dp(x) <0} (18)

and let I'; = 0Qy, denote its boundary.

By adopting piecewise linear functions to interpolate ¢, the zero
level-set of ¢,, and hence the resulting approximate boundary, is
simple to compute. It is composed of straight segments in two
dimensions and planar polygons in the three-dimensional case.
Thus the distance between I', and I' is ©(h*) for smooth curved
boundaries, while for polyhedral ones, I'y and I' may coincide
nearly everywhere for some choices of ¢. Additionally, efficient
quadrature rules over the resulting sections are easy to construct.
Finally, the construction of the approximate boundary in three-
dimensions is greatly simplified by this choice, since the boundary
may intersect four edges of a tetrahedron at points that do not nec-
essarily lie on the same plane.

For convenience, and following a somewhat standard practice
in level-set methods, we choose ¢ to be the signed distance func-
tion to I', defined as

if xecQ,

o) = {d(i(,);)r) if x ¢ Q, (19)
where

d(x,I") = inf lx — yll, (20)
where || - || is the Euclidean distance in R".

Fast techniques to compute distance functions, particularly on
Cartesian grids are discussed in [38,39,58,42]. An interesting alter-
native method to describe the geometry is to construct ¢ with R-
functions ([50,44,45,60]) which define @ implicitly using boolean
operations over easy to define primitives. Alternatively, surface fit-
ting methods can also be adopted [61,14,7,23].

Notice that the construction of the interpolant ¢, only requires
the evaluation of ¢ at nodal locations. To prevent the appearance of
sections of elements cut by the boundary that are either very small
or have a bad aspect ratio, we choose the nodal values for ¢, as
follows:

¢h(xa) = {g’(xa)

where Cro is a small constant. In our examples Cro. = 107°. By per-
forming this correction in the construction of the interpolant ¢, the
location of the approximate boundary is guaranteed to either cross
through the nodes or be away from them by a distance that does not
deteriorate the aspect ratio of 2, NE for any element E as h goes to
zero.

Correction (21) makes it possible to construct a sequence of
meshes for which the distance between I' and I'; is ¢(h) instead
of ©(h*). In practice, however, it is rather difficult to encounter
such a sequence of meshes. These pathological cases can be cor-
rected by simply moving the nodes away from I slightly so that
the correction is not needed. This is always possible for h small en-
ough. With this in mind, we can assume that the distance between
I' and Iy is always @(h?). A similar remark can be made for other
pathological situations, such as when ¢ is identically zero at all
nodes of an element. These inconveniences cannot happen for h
small enough.

Finally, with the definition of Q, we define two submeshes or
collections of elements

if ‘d)(xa” > CTOLha

21
otherwise, 1)

Ty — {E element € 7 : E Qh}, (22)
0
9y = {E element € 7, : Eml“h#v)}, (23)

which are the sets of elements whose interior are completely con-
tained in @, and the set of elements whose interior are intersected
by the approximate boundary, as sketched in Fig. 1. Notice that for
some elements the intersection with the approximate boundary
could be an entire face; these belong to %,.

4.3. Approximation of functions

The space of solutions on 2, U %, is defined as the space V,

Vi=Vix Vg = {uh € 224U ) : vl € Vo, Uhl,, € VR}, (24)

where
Ve = {vy € H (@) : vnlp € PA(E) VE € %}, (25)
Vo = {vn € L*(2;) : vnlp € P1(E) VE € 24} (26)

As a result, functions in V,, are continuous across faces shared be-
tween any two elements in %, but are allowed to be discontinuous
across the boundary of any element in 2,, including those faces
shared with elements in %.

Discontinuous Galerkin approximations have the enticing fea-
ture that the basis functions within each element can be chosen
independent of its neighbors. For elements in %, this choice is
immaterial to the resulting approximation. However, for those ele-
ments in 2,, a smart choice of the set of basis functions simplifies
the imposition of essential boundary conditions. We provide one
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‘ R H (o)) HTh \ (RnU Qy)

Fig. 1. The problem domain Q is immersed in an encompassing and easy to discretize domain #. The triangulation on the square domain # is denoted by .7,. The elements of
T cut by the boundary I' are denoted by 2, and the elements that lie entirely in @ are denoted by %,.

such choice for elements in three spatial dimensions along with
suggested quadrature rules in Appendix A.

4.3.1. Discontinuous Galerkin approximation

Since functions in V, are permitted to contain discontinuities,
we define the derivatives for these functions using a discontinuous
Galerkin approximation. Let .#; be the submesh of .77, containing
all the elements across whose boundaries 7, € V;, may have dis-
continuities. Consequently, .#, contains all elements of 2, and
those elements of #; that share at least one face with an element
in Dp.

Next, we consider the finite dimensional space of functions

h={m, e L* (2, U 23)" ;| € (P (E))" VE € %, U 2;}. (27)

Functions in M}, are vector valued with n components. Following the
framework in [1], we adopt the Bassi-Rebay numerical fluxes to
construct approximations in M} to derivatives of functions in V.

To this end, we recall the standard definitions of the jump [ - |
and average {-} operators of a function across any element face e,
namely

_ 1,

i=y =y =50y (28)
Here y is any function in UEEﬂH1 (I(;"), and the superscripts + and —
correspond to evaluating the trace of y on either side of e. For vec-
tor-valued functions, these definitions are applied componentwise.

The approximation of derivatives of functions in V}, is obtained
through the linear operator Dp¢ : V,—M}, the discontinuous Galer-
kin derivative, defined in every element E € .7, as

vyh‘E Eé///;h
Voulg +R([on]))|g E € Ay

Let I'q = Qn N (Upge,, OF). Notice that I'o N I'y = (. The lifting opera-
tor R : [?(I'g)—~M; is the unique element of M} such that

Do 04 = { (29)

R(2)-m, dV — —/ {m,} - nds (30)
[} Iy
for all m;, € Mj. The vector field n here is chosen as the outward
normal to the “+”-side of a face. Derivatives of functions in V, are
in this way modified by the lifting operator to account for possible
discontinuities across element boundaries. Since R is a linear oper-

ator, its action on V;, can be computed a priori in the form of addi-
tional basis functions in each element, with the nodal values of
functions in V}, as degrees of freedom. In this way we avoid assem-
bling and solving the system of equations (30) any time a discontin-
uous Galerkin derivative of a function in V}, is needed. More detailed
discussions of this type of DG approximations and implementation
can be found in [56,32].

4.4. Boundary conditions

In the following, we denote with I'¥ and I'* two open subsets of
I such that I*NI* =0 and I' UT" = I'. The prescribed Dirichlet
boundary conditions are assumed to be given by a function
ud : I'—R. Boundary conditions of the Neumann type are imposed
on I

We address next how Dirichlet boundary conditions are im-
posed in the numerical method. The treatment of Neumann
boundary conditions will be discussed later as part of the formula-
tion of the method. To this end, we address two issues. First, we de-
fine the subsets I'f and I} of I';, on which to impose Dirichlet and
Neumann boundary conditions respectively, in the numerical
apprgximation. Second, we define the function ug to be prescribed
onI.

4.4.1. Approximation of the Dirichlet and Neumann parts of the
boundary
We define I'{ as

ry= \J{IwnE:0#ENT =ENT?} G1)

EeTy,
and from here
Iy=TIy\ T} (32)

ansequently, we have that I'fUIf =TIy, and that I'f = I if
I“=r.

With this definition for Fﬁ there exists the possibility of having
I'! = g when I''>0. This may happen only if the mesh .77, is not fine
enough to have the interior of at least one element intersected by
I only. A different construction can be made, in which I'! is de-
fined as the intersection of I', with any element intersected by
r¢ and I'; as its complement. We tested both, and they rendered
qualitatively similar results.
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4.4.2. Approximation of Dirichlet boundary conditions

We can now define Dirichlet boundary conditions on I'f. The
problem to overcome here is that the function u¢ has I' as its do-
main, and since I';, does not necessarily interpolate I', the simple
interpolation done for isoparametric elements is not possible here.

An alternative approach was described in Section 2. The idea is
to first extend the definition of u¢ into ©, and then construct an
approximation operator used to impose Dirichlet boundary
conditions on Fﬁ. More precisely, first a function i : Q—R, u eV,
such that u|«=u? is found. An approximation operator
II;, : V° + >V, that satisfies conditions (2) and (3) is then con-
structed, so that the boundary conditions are imposed by setting
uh = IIyu| rd-

We carry over this program in two different ways. The first one
is of rather narrow applicability, since it requires the explicit con-
struction of &t away from the boundary. In this case we are able to
choose I, as an interpolation operator, and hence we shall refer to
it as the interpolatory method. The second one is widely applicable,
since we only need the values of i on I'?. In this case, the approx-
imation operator near the boundary does not necessarily interpo-
late any of the possible extensions u for all h. We shall refer to
this later approach as the non-interpolatory method.

From a practical perspective, for the numerical method in (4)
we only need to define what the values of IT,u are on Fﬂ. These
are the only features of IT,ii that change the space IT,ii+ V) in
which the numerical solution is sought. Herein, we will only indi-
cate the method to construct Myulp,, leaving the definition of IT,u
in the interior of ©, unspecified. We do so for a scalar-valued func-
tion . Its extension to vector-valued functions is done component-
wise, i.e., (ITy0); = IT,(11;), where v; denotes the i-th component of
vector-valued function v.

For the convergence result, however, it is necessary to demon-
strate that at least one function in V}, equal to IT,il on Fﬁ approxi-
mates u at the correct rate with respect to h, to verify conditions (2)
and (3). To illustrate this, we construct one such approximation in
a one-dimensional case. The numerical results are consistent with
these conclusions for the two- and three-dimensional cases.

4.4.2.1. The interpolatory method. The first method relies on the
availability of & € V that extends the values of u? into Q. Without
loss of generality, we will assume that & is smoothly defined in
2. The existence of such extension #i can often be ascertained from
standard trace theorems in nice enough domains. Notwithstanding
the fact that @ is generally costly or difficult to construct, there are
situations in which such a function is available and hence can be
used for computations. For example, when the value of u¢ is explic-
itly given as a restriction to I'Y of a function with an open subset of
4 as its domain. We provide a few examples of this later in Section
5.

Assuming that u is smooth enough, we define I7,u|,, through
standard interpolation operations. On each element E havmg a
non-empty intersection with I'y, we let I1,ul, . be the affine func-
tion on I'yNE that interpolates u at points {x,...,X,}, with
{X1,...,xn} C I'y N E. We specify the interpolation pomts next.

In the case of a triangular element, n = 2, we interpolate & at the
vertices of the segment I', N E. This is depicted in Fig. 2, in which
the interpolation points for i are drawn with dark circles. For tet-
rahedral elements, n = 3, there is an additional detail to take care
of. As shown in Fig. A.1, the intersection of I', with E may be a tri-
angle or a quadrilateral. If I', N E is a triangle, then its three vertices
are chosen as interpolation points x;, X, X3. In contrast, if I'y N E is a
quadrilateral, we choose the three vertices of the quadrilateral that
form (one of) the triangle(s) with the largest area, see Fig. A.2. Tri-
als with numerical experiments showed that this should be pre-
ferred over an arbitrary choice of three of the vertices of the
quadrilateral, because the aspect ratio of some of these triangles

Fig. 2. Sketch of the construction of the approximate boundary values I1,u], for
elements that are intersected by the boundary I'. When an extension u of the values
prescribed on I is explicitly available, ITyu|, returns the affine function over the
element that interpolates u at the points indicated with dark circles. In contrast, if u
is not explicitly available, its values at the points of intersection between I" and the
element edges are “transported” to the corresponding interpolation points on Iy, as
indicated in the figure.

can be very large. Notice that these interpolation points coincide
with some vertices of the n-simplex when I'j, intersects it along a
face. An equivalent construction that interpolates u along I'j, is
not possible for every mesh or every boundary in the conforming
case, and may lead to boundary locking, because conditions (2)
and (3) cannot be satisfied.

The implementation of this method is significantly simplified in
the discontinuous Galerkin context by choosing an appropriate set
of basis functions. For an element E € 2;,, we choose basis functions
{N1,...,Nn;1} such that Nj(x;) = ¢; fori,j=1,...,n, and N,,1 such
that Nny1|p, - = 0 and VN1 = n. Here n denotes the exterior unit
normal to I'y. These are explicitly constructed in Appendix A. Ele-
ments for which one of its faces is entirely contained in I', can re-
tain their standard shape functions.

For the computation of H,,u\rd it is enough to know u in a large
enough open neighborhood of r*in #. With the chosen basis func-
tions, Hh”|rg is determined solely as a linear combination of
Ny,...,N, by interpolation of ii. Because of these properties, the
imposition of essential boundary conditions is remarkably simpli-
fied. A similar construction when conforming approximations are
adopted is unduly inconvenient.

To highlight the fact that with the proposed strategy it is possi-
ble to satisfy conditions (2) and (3) we resort to a simple one-
dimensional example. This illustrates well why it is possible to
approximate u with a function in V,, that is equal to IT,ii on I',
with very mild restrictions on i, and still retain an optimal conver-
gence rate. The analogy of this case with higher-dimensional ones
should not be taken too far, however, since in this simpler scenario
optimal convergence rates can be attained even without introduc-
ing the discontinuous Galerkin enrichment along the boundary.

One possible construction for IT,u is illustrated in Fig. 3, for any
u, i € H*(Q). For simplicity we assume that the only element inter-
sected by the boundary, or in 2;, is the one with nodes x; and x,.
Then, for every element in %y, ITyu is set to be the piecewise linear
interpolant of u at the element nodes. For the element intersected
by the boundary we set

u@x) —ully) _”(rﬁ)(x—rz). (33)

Myu(x) = a(I'Y +
h ( ) ( h) Xz—-]ﬁ

Clearly IT,u satisfies condition (3), with IT,ii| re defined as the inter-
polant of i at Fd It remains to be seen that condition (2) is satisfied
as well. To this end, we adopt the mesh-dependent norm

ullle = > 1Vullgga, + Z I[uTl3ee, + h””Hor‘“ (34)
EeTy ecTy

where || - ||,s denote the L*-norm over the domain S, and h is a typ-
ical mesh size for a sequence of quasi-uniform meshes. This norm is
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Fig. 3. One possible construction of IT,u, shown in black dashed lines, in one-
dimension with the interpolatory method. Three elements are shown, with the
nodes indicated by hollow squares. The boundary I'? of the domain €, and that of its
approximation €, Fﬁ, lie within the interior of the leftmost element x;x;. In
elements that do not intersect the boundary the exact solution u is interpolated at
nodal positions. In the leftmost element I7,u is obtained by subtracting (u — ﬂ)(Fﬂ)
to the linear interpolant of u at F;f and x,, shown with a gray dashed line. In this way
() = u(rs).

typically used in the analysis of discontinuous Galerkin methods.
We then have that

1 Thu = ullly, < [[1TTpu = Fnul + ||| 7w = ulll,, (35)

where [T,u coincides with I,u in %, and is equal to
Hyu+u(I?) —w(I'Y) in 2. In fact, IT,u is the continuous interpolant
of u in Q,, which we know satisfies

(1wt = ullly = |V Iy — Vo g, < Chlulyg, (36)

where C > 0 is a constant independent of h and | - |, ; denotes the k-
seminorm S. As in Section 2, u should be understood as the exact
solution of the problem smoothly extended to Q, \ ©, if needed.

Finally, we need to bound the first term in the right hand side of
(35). Notice that ITyu — ITyu = u(I'f) — a(I'Y) is a constant in 2;, and
zero elsewhere. Then,

. 1 N
AT A S (R ATE LATAI
e

= 2u(r) — a(rp. (37)

Since u(I') = u(I'), we have that

d

Ty
/ ' —1u)dx
rd

where we have taken advantage that v’ — i’ is continuous, since
(u—1) € H'(Q). When I'! is determined as in Section 4.2 we have
| — I'Y| < Ch?, for some constant C independent of h. It then fol-
lows that:

lu(Iy) - a(ry)

< S =t papgll™ = T3l (38)

2. =1
1wy < Ch(july g, + R = W1 o), (39)

for some C independent of h and u, in agreement with condition (2).
We conclude by noting that the path to obtain the bound in (39)
may not be reproducible in higher dimensions, due to the use of
the continuity of v/, &'. However, we chose it here because of its
simplicity.

4.4.2.2. The non-interpolatory method. The interpolatory method
has limited applicability due to the need to construct a smooth
extension of u? into the domain. Next, we propose a method that
circumvents this problem. Since it only requires the prescribed
boundary data, which should be provided in some form in the
statement of the problem, the method can be made fully auto-
matic. We note as well that the method does not need the solution
of a system of equations with unknowns all along the boundary.

This is the case, for example, when the approximate boundary con-
ditions are constructed with some types of projections.

We assume first that the level-set function ¢ is not zero at any
of the vertices of the n-simplex, i.e., none of the vertices belong to
the exact boundary. The idea here is to build the value of IT,ii on I},
by “transporting” these along element edges. More precisely, the
function M|y, is affine on I', N E, for each element E € 2. For each
such element, it is constructed by defining the values of IT,u at the
interpolation points xq,...,x, defined in Section 4.4.2.1. To this
end, let e; be the edge of the n-simplex such that x; = e; N I',. There
is only one such edge for each x;, since the values of ¢ at the verti-
ces of the simplex are different than zero. For the same reason, the
set I' Ne; is non-empty. We then set

Myl e = Ul i=1,...,0. (40)

Fig. 2 illustrates this idea, in which the “transport” of values of u
from I' ne; to I'y, Ne; is indicated with arrows. If the set I' N e; con-
tains more than one point, any of them is chosen to evaluate ii. This
can only happen when the mesh is not fine enough and the bound-
ary intersects an edge more than once.

Consider next the case in which ¢ is identically zero at one or
more of the vertices. At one such vertex, ¢, = 0 as well, and hence
it belongs to both the exact and the approximate boundaries. In the
two-dimensional case, this implies that either x; or x; lie directly
on the exact boundary. A similar statement holds in the three-
dimensional case for either x,x, or x3, since as shown in Fig. A.1,
in this case the intersection I'; N E can only be a triangle. Conse-
quently, the value of IT,u at these points are obtained by directly
interpolating i therein; no “transport” is needed. Notice that with
this construction we recover the classical idea that, if the approx-
imate boundary interpolates the exact one, the approximate
boundary conditions are obtained by interpolating the exact ones.

Recall next that only the values of IT,u on Fﬂ are needed to im-
pose essential boundary conditions. Because of the definition of I'%,
Eq. (37), on any given element E intersected by I'! each edge e; has
a non-empty intersection with I'f and 1%, and I'y ne; = I'! Ne; and
I'ne; = I' ne;. Consequently, we have that

Hhﬂ'l"‘;me,-:ml"dme,- l.:L..‘,Tl7 (41)

and hence IT,u|. is determined solely by i|«; no extension away
from I'* is needed. Additionally, the intersections I N e; are simple
to compute, since it only requires the solution of ¢(x) = 0 along the
one-dimensional segment e;.

Finally, in the one-dimensional case this idea translates into
choosing i to be constant near the boundary, and the analysis in
Section 4.4.2.1 is also applicable here. This illustrates why condi-
tions (2) and (3) can be satisfied by this method. In the higher-
dimensional case this idea is not equivalent to extending the
boundary conditions by a constant near the boundary, since the
direction along which i should be constant would change with
each choice of the mesh. This is why this method is non-
interpolatory.

4.4.3. On Neumann boundary conditions

Clearly, the constructions outlined in Section 4.4.2.1 or 4.4.2.2
are applicable to obtain an approximation (in some sense) on I'},
of any function known on I', or parts of it, as long as the function
is smooth enough. We shall take advantage of it to construct
approximations of the prescribed external tractions, or Neumann
boundary conditions.

In the case of the non-interpolatory method, however, it is con-
venient to introduce a slight modification on a few elements only.
External tractions are prescribed on I'?, but their approximation on
I'y given by (40) needs to be restricted to I';. It is possible to have
I't nei#0, but I'" ne; = () for some of the edges e;. This may happen
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in elements in which I' N E contains parts of both I and I'*. Under
these circumstances, it is not possible to “transport” values along
such an edge e;, since the prescribed value on I'* N e; is not defined,
unless we again extend the prescribed functions away from I'*. We
avoid the need for this extension as follows. On any of these edges,
instead of “transporting” values, we compute them as the average
among the values of the approximation operator on those edges in
the same element for which the “transport” is defined without the
need of an extension. This operation remains local to the element,
and may render discontinuous approximations of the Neumann
boundary condition across elements along the boundary.

4.5. The discrete elasticity problem

The formulation of DG-IBM for elasticity consists in finding
oy € [V]" + o such that the functional

Inlgn] = Z /E

Ec7, JEN@

X DDG lph)) Bh (ph dV / Th (phdS

(42)

is stationary in [V{]" 4+ T, where V) = {vy € V}, : Unlpa = 0}, as in
Section 2. The discrete force per unit volume B, : QhHR” is defined
as

in QN Q,

B )
By = {0 in @\ Q. (43)

The discrete external traction Ty, : I'y—R" is defined as
T, = HhT|r;. (44)

In this definition the same approximation operator constructed to
approximate Dirichlet boundary conditions is adopted. In this case
the boundary data is T, and the value of IT,T|,, is obtained as de-
scribed in Section 4.4.2.1 or Sections 4.4.2.2 and 4.4.3, but is re-
stricted to I'f instead of to I'f. Of course, the boundary data T
needs to be smooth enough for this construction to be well-defined.
We shall restrict the formulation herein to such cases.

This variational principle leads to the problem of finding
op € V" + My such that

ow T.
Z / [ﬁ (Dpcepy) : DpeVi — By, 'Vh:| dv — / Th-vadS=0
Ec7, JEND, T

(45)

for all v, € [V;]”. This is generally a set of nonlinear equations, ex-
cept in the case in which W is that of a linear elastic material, Eq.
(14).

In this case, (45) can be expressed in the form (4), with
ap (llh,Vh) = nguh A DDGVth (46)

Ec7), JEN,

as the bilinear form and

Fy(vy) =

B - vth + / Th *Vh ds (47)
Eezp YENy Jrg

as the linear functional. The coercivity and continuity of the bilinear
form in (46) depend on the elastic moduli A, and an additional sta-
bilization term may be needed, see [33,54,55].

This concludes the formulation of the method. To illustrate the
asymptotic consistency of the proposed method, we analyze it in a
one-dimensional example. As discussed in Section 4.4.2.1, this is a
simplified case that does not illustrate well the difficulties found in
higher-dimensional situations. Nevertheless, it showcases how the
different approximations made play a role in the achieving the de-
sired order of convergence.

Consider the linear elasticity problem in, without loss of gener-
ality, Q = (0, 1), with Dirichlet boundary conditions at I'* = 0, and
Neumann or traction boundary conditions at I'* = 1. The approxi-
mation is constructed with a sequence of meshes parameterized by
h, the size of the largest element in the mesh, with h 0. The
nodes of the each mesh are numbered, from left to right, with
, . The approximate domain is constructed on Q=
(ré,r7), such that || =o0h?), |1-TIf=0h), and
It I'efxo,x;) and I, I € (xy_1,xy]. Discontinuities in the
numerical solution are allowed to appear at x; and xy_;. The elastic
moduli degenerates into a scalar, denoted here with Y. We assume
that B, is smooth enough so that the solution of this problem is in
H*(Q). We then have

an(u, vy) — Fp(on)

=y /E i [Y( +R([u])) (v}, + R([vn])) — Byow|dx — Toon(I})
E N2y
= A (=Yu" — Bp)vpdx + [YU'(I}) — Th} v(I')

2

Ec7), JENQ,

Yu'R([vn])dx + [Yu'[ 4]

X1.XN_1

In this identity we have used the facts that u and v’ have no discon-
tinuities, and that », may have discontinuities only at x; and xy_i.
We next bound each one of the terms separately.

The last two terms of the right hand side appear in other discon-
tinuous Galerkin methods, see, e.g. [33], so here we just state that
they satisfy that

< Chiuly g, [[[2nlllp- - (48)

3 YuR([wn])dx + [Yu'[n]], .

Ec7), JEN@y

The aspects of the asymptotic consistency particular to this im-
mersed boundary method are embedded in the first two terms of
the right hand side. We will use the facts that for any v, € V},

1Uhlc.g, < Cll[Onllly (49)

for some C > 0, independent of h. The proof is straightforward, and
is given at the end of this section.
By recalling that Yur(I'") = T, we have for the second term that

[V (T5) = Tw] on(T5)| = Y| wn(T5) | (| (IF) — /(%) | + [T = Ta)
<CllollyY (|ulz, T = il + CoIT™ = T

< Chll[2lly (1uly g, + Crh).

Here C; is a non-negative constant that arises from the type of
approximation operator we adopt. For the non-interpolatory meth-
od, T, =T, so C; = 0. For the interpolatory one, T is extended to the
interior of Q, with any smooth function, so Cz is its Lipschitz con-
stant. We have also utilized the following immediate consequence
of Cauchy-Schwartz inequality

TT
u"dx
JIt

h
and the fact that | — I'¥| = 0(h?).

Finally, for the first term we use the fact that u is the solution of
the exact problem in Q.

/() —u'(I'7)| = < |uly g, [T = T (50)

<Yulbg, 12l opne

/ (—Yu” — Bh)T/th
oh

/ Yu' vpdx
Q,\Q

Y[uly g, V4] g, 190\ 21"
Chlul, g, |l Znll1, (51)

NN

where we have used the fact that |Q, \ Q| = O(h?).
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To conclude, we prove (49), which follows after expressing
vp(x) as an integral of its derivative plus the discontinuities, and
the fact that v, (I'f) = 0, to wit

2
00, < [/ \vmdxﬂ[[vh(x])m+|[[vh(xN,1>ﬂ|}

<3 lonlt + [Lon ) 1P + [on o117

< 3max(h, 1)|[|v/l[}-

Here I = (rz,?ﬁ) @] (X],X]\p]) @] (XN,1,F;).
5. Numerical examples

We now present numerical examples to examine the formula-
tion of DG-IBM for elasticity problems with non-homogeneous
boundary conditions. The first example consists in determining
the deformation of a two dimensional annular ring. It is followed
by a three-dimensional example, in which the torsion of a thick
spherical shell is computed. In both examples we impose displace-
ments and traction boundary conditions with the interpolatory and
the non-interpolatory methods. In each case, the rate of conver-
gence of the numerical solution to the exact one is examined and
indeed shown to be optimal. These examples are followed by
two nice applications - we simulate the nonlinear deformation of
a femur bone under compression and of an image-based geometry.
These examples serve to illustrate that the method is indeed as
easy for a complex geometry as it is for a simple one.

No stabilization terms were needed in any of the examples
below.

5.1. Deformation of an annulus

In this example, we are interested in describing the deformation
of a long and thick walled linear elastic hollow cylinder. Its inner
surface is rigidly fixed while non-zero displacements are pre-
scribed on the outer surface. Under plane strain conditions, the do-
main of the problem is an annular ring Q={XeR?*:ry <
[IX|| <1} where 1o =2 and r; = v24.5 units, and |- || denotes

S

/N\/
20

JAVAVAN

<N/
\/
s

the Euclidean norm. The boundary conditions imposed on the
deformation mapping are

oX)lr, =X,

_ (52)
?X)lr, =6X/5,

where I'; ={XeR?:|X|=r}, i=0,1. Notice that we have

I'" = I'. We choose the enclosing domain # as a square of dimen-
sion 10 units centered at the origin and cover it by an unstructured
mesh of triangles which does not necessarily conform to the annu-
lus. The material is linear elastic, isotropic and homogeneous, with
material constants 2 =1 and p = 1. The level-set function that de-
fines 2 was chosen as the signed distance function

d(X) = max{ro — | X]|, [IX|| =1} (53)

and the approximate domain is given by the interior of the zero
sublevel-set of its nodal interpolant, as discussed in Section 4.2.
Naturally, the approximate and exact boundaries may not coincide
as shown in the Fig. 4. This problem has an exact solution of the
form

_ (A
P (X) = (|X2 +A; + 1>X7 (54)

where

A; =—-0.956098 and A, =0.239024.

The resulting traction on I',, is given by

7%> e (55)

T(X) =2 ((z + 1A

For later use, we denote the approximation of the inner circle I';, by
I'hr,, and that of the outer circle I';; by I',,.

Fig. 5 shows the Euclidean norm of the displacements of the
annulus computed using the interpolatory method for the bound-
ary conditions, with the extension given by

?(X) =X near Iy,

56
»(X) =6X/5 near Iy, (56)

Exact Boundary

Fig. 4. Details of the approximation of the domain for the example of the annular ring. The initial background mesh .77, in which the boundary is immersed is shown in light
gray. Notice that the approximate boundary may lie inside and/or outside the exact domain and that the exact boundary does not always intersect the element faces where

the approximate one does.



R. Rangarajan et al./ Comput. Methods Appl. Mech. Engrg. 198 (2009) 1513-1534 1523

—_

o
©

o o
> o
Displacement Norm

o
(¥

o

Fig. 5. Euclidean norm of the displacements at each point of the domain. The mesh is shown in the X-Y plane, while the norm of the displacement is displayed on the axis
orthogonal to it. Notice the clearly evident discontinuities in the solution, only along the faces of elements that are intersected by the approximate boundary. These
discontinuities are in fact used to recover the quadratic order of convergence of the solution.

where by “near” a set S we mean an open neighborhood of S. Since
displacements are prescribed on the entire boundary, in this exam-
ple I ﬁ = I'y. Notice that this extension is equivalent to imposing
zero displacements on the approximate boundary I's,,. The defor-
mation reveals the discontinuities in the displacement field near
the boundary that have been utilized to yield a good approximation
of the exact solution.

5.2. Torsion of a spherical shell

Next, we are interested in simulating the torsion of a spherical
shell, again made of a linear elastic material with A =1 and u = 1.
The domain of the problem is Q = {X € R®:ry < ||X|| <1} with
ro = 0.75 and r; = 2.25 units respectively. The encompassing do-
main Z is a cube of side 5 units centered at the origin that is
meshed using tetrahedral elements. The level-set function ¢, is
the linear interpolant of the signed distance function in Eq. (53).
Fig. 6 shows the tetrahedral mesh of the domain # and the approx-
imate domain .

Non-homogeneous boundary conditions are imposed every-

where on the boundary as
?(X) =X +K,sin2¢ e, on I, ={XecR:|X|]=rol, 57)
o(X)=X+K;sin2¢ e, on I, ={XecR:|X|=r},

where ¢ and 0 are the standard zenith and azimuthal angles in a
spherical coordinate set centered at X = 0 and

Ko =0.0984375,
K; =0.8859375.

This problem has an exact solution given by
o(X) = X + K| X|* sin2¢e, (58)

with K = 0.175. The traction acting on the surface I', is computed
as

T(X) = Kur, sin2¢ ey. (59)

Fig. 6. Approximation of the spherical shell in a tetrahedral mesh of a cube. Shown on the left is the exact domain immersed in the mesh, followed by the approximate
domain defined by the interior of the zero sublevel-set of the interpolant of the function ¢ given by Eq. (53). A section of the approximate solid shown on the right reveals

more details of the approximation.
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b

Fig. 7. Deformed configuration of the spherical shell computed using the extension given in (56). Shown on the right is a section of the deformed configuration corresponding
to the section shown in Fig. 6¢. The color contours correspond to the Euclidean norm of the displacement field.

The deformation of the spherical shell is shown in Fig. 7, computed
by adopting the interpolatory method for the boundary conditions,
with the extensions

?(X)=X+K,sin2¢ ey
»(X) = X +K;sin2ce,

near I'p,,,

(60)
near I'y,,,

where analogous to the previous example, we denote with I'y;, and
I'y,;, the approximations of the inner and outer boundaries of the
spherical shell, respectively.

5.3. Convergence curves

Next, we compute the convergence curves for the two examples
in Sections 5.1 and 5.2. The error in the numerical solution of the
two examples is examined and the order of convergence deter-
mined. We do so for each of the two methods to impose boundary
conditions and for both the Dirichlet and Neumann type.

Part of the charm of an immersed boundary method is that the
mesh can be easily refined, and such a refinement simultaneously
improves the approximation of the domain, the approximation
space and the approximation of the boundary conditions. In the
examples that follow, triangular meshes are refined by dividing
each triangle into four by joining the midpoints of each side. Sim-
ilarly tetrahedral meshes are refined by dividing each tetrahedron
into eight by joining midpoints of edges. It is possible to do so
while keeping the aspect ratio bounded, see, e.g. [34]. In either
case, the mesh parameter h is halved at successive refinements.
The L[2-norm of the error in the numerical solution is computed
over the domain QN Q;, as

1/2
o — @allo = (/ (0 on)- (q»coh)dV) . (61)

We will show convergence curves in this norm for most of the
examples. The [>-convergence is generally obtained from the con-
vergence in ||| - |||, through a standard duality argument. In this
case, the optimal convergence rate is quadratic in h. We will also
show the convergence curve in || - |||, in one example, which mea-
sures the convergence rate of the strains and the discontinuities. In
this norm, the optimal convergence rate is linear with h. In the pres-
ence of boundary locking, the convergence rate in both norms is ad-
versely affected. We computed the errors over QN Qy, to avoid
introducing the effects of the arbitrary extension of the exact solu-
tion into Q, \ Q. We show however the computation of the error
over Q, in one case (Fig. 9).

5.3.1. Convergence with Dirichlet boundary conditions only

In both examples Dirichlet boundary conditions were imposed
on the entire boundary and consequently we had Fﬂ = I'p. In these
two cases the boundary conditions are prescribed as a restriction
to I' of some smooth function defined in an open neighborhood
around it. Consequently, these functions themselves constitute
natural extensions of the boundary data as needed for the interpo-
latory method; boundary conditions on the inner and outer bound-
aries are constructed by interpolating them. However, these
extensions are not the only possibilities. We now consider other
extensions, and numerically verify that the order of convergence
does not depend on the particular extension chosen; the magni-
tude of the error does, however.

For the example of the annulus, another possible extension is

o(X) =X near Iy,

62
?(X) =X+02|X| e +sinm(r—v24.5) e, near Iy, (62)
or, alternatively, a third possible extension is
»(X) =X near I'
(P( ) hyrg s (63)

9(X)=(rn1+02)e

The last extension, Eq. (63), corresponds to adopting as the value for
the Dirichlet boundary condition at an interpolation point in I';, the
value prescribed at its closest point in I'.

Fig. 8a shows the error as a function of the mesh parameter h.
Adopting any of these extensions for the two-dimensional exam-
ple, the numerical solution converges to the exact one quadrati-
cally in h. Finally, Fig. 9 shows the convergence curve in the
norm ||| - |||, defined in (34) when extension (56) is adopted. The
value of the error in @, \ Q was computed by simply evaluating
the expression of the exact solution (54) there. As expected, the er-
ror for the derivatives and the magnitude of the discontinuities de-
crease linearly with h, an optimal convergence rate.

Similarly, for the example of the spherical shell, the following
functions constitute a smooth extension

near I'p,;,.

@(X) = X + Ko[sin 2¢e + sin(r(r — 1)) e:
?(X) = X+ K;[sin2¢e, + sin(n(r —r1))] e:

near Iy,

64
near Iy, . (64)

Once again, optimal quadratic convergence in the L? norm is con-
firmed by Fig. 8(b).

Finally, we utilize the interpolatory method to impose essential
boundary conditions on I'y,,, with analytical extensions (56) and
(60) for the annulus and the spherical shell, respectively. On
I'y,,, however, essential boundary conditions are imposed through
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a — Ext. eq. (56) ' '
1071 L < Ext. eq. (62) } : ]
* fxt. eq. (63) ’ =
_ 1072}
s
| .
9 1073 1
04
107° :

1072 107! 10°
h/ho

T

——— Ext. eq. (60)
——=— Ext. eq. (64)

0.15 0.3 0.45
h/ho

Fig. 8. Rate of convergence of the numerical solution computed using different extensions to impose essential boundary conditions with the interpolatory method. Results for
both the annulus and the spherical shell are shown. Optimal convergence rates are achieved in both cases.

e —eulln

0.0t

0.1 1
h/ho

Fig. 9. Convergence curve in the norm ||| - |||,, which measures the error in the
approximation of the derivative inside each element and the magnitude of the
discontinuities. The linear convergence rate with h is optimal, and reflects
the absence of boundary locking.

the non-interpolatory method. Fig. 10 shows that once again, the
solution converges with the optimal order for both the two- and
three-dimensional examples.

5.3.2. Convergence with Neumann boundary conditions

We investigate next the convergence curves in the two exam-
ples when traction boundary conditions are imposed on parts of
the boundary. To this end, we impose traction boundary conditions
on the outer boundary of the domain, I';,, and retain the same
essential boundary conditions in the inner one, I';,. The tractions
on the outer boundary are those obtained from evaluating the ex-
act solution there. More precisely, for the annulus

a !
—— 2D +
/////
10-2¢ /
= e
|
91077} A~
~ h?
/’/
1074
0.1 1
h/ho

?X)=X onl,, (65)
T(X) = 2((2 + WA, — pA/24.5)e, on I, (66)
and for the spherical shell

?(X) =X+ Kosin2¢e, on Iy, (67)
T(X) = Kurysin2¢ e, onlI,. (68)

With these boundary conditions, the exact solutions of the two
problems remain unaltered, i.e., still given by (54) and (58). That
the boundary of each of the two domains can be decomposed into
two disconnected components is very convenient, because we can
independently choose the type of boundary conditions on each
one of them.

Now, we inspect the performance of the interpolatory and non-
interpolatory methods to impose traction boundary conditions.
Essential boundary conditions on FZ = Iy, are imposed via the
interpolatory method, with extensions (56) and (60) for the two-
and three-dimensional examples, respectively. For the two-dimen-
sional example, we consider the following alternative extensions
for the traction on I'y,,

T(X) = 2[(2 + WA, — HA,/24.5)e,, or (69)
T(X) = 2[(2 + A2 — pA/[X|P] e
+ (= XD + (As + pA /X ey, (70)

while for the three-dimensional one we chose

T(X) = Kur; sin2¢ ey, (71)
T(X) = Ku[|X|| sin2&e, — (ry — [ X])) sin® ¢ e], (72)
b + 3D

1071+

lle =l

102 i i i L
0.15 0.3 0.45
h/ho

Fig. 10. Convergence curves computed using the non-interpolatory method to impose Dirichlet boundary conditions on I'y,, for the two- and three-dimensional examples.

The convergence rate is approximately quadratic in both cases.



1526 R. Rangarajan et al./Comput. Methods Appl. Mech. Engrg. 198 (2009) 1513-1534

all of them valid near I'; = I'y,,. Extensions (69) and (71) simply
evaluate (66) and (68) on I'y,,. However, the other two are quite
arbitrary, included simply to illustrate the independence of the or-
der of convergence on the choice of the (smooth) extension. Fig. 11
shows the optimal convergence of the solutions obtained with each
one of these extensions when the interpolatory method is utilized
for the approximation of the normal tractions. Similarly, Fig. 12
shows the convergence of the computed solution for the non-inter-
polatory one.

5.3.3. Combination of Dirichlet and Neumann boundary conditions

We have not yet dealt with a case in which Dirichlet and Neu-
mann boundary conditions are prescribed on the same component
of I'. We consider this possibility now. To avoid the often-encoun-
tered singularities near I'" N I'Y, we once again set the boundary
conditions on I'¥ and I'* by evaluating those of the smooth exact
solutions there.

In both examples, essential boundary conditions given by (65)
and (67) are imposed on I',,. For the example of the annulus, we
consider the following boundary conditions on I';,

?(X)=6X/5 if X-e, <V5, (73a)
T(X) = 2 ((z Ay — %) e if X-e,>5. (73b)

Here e, is a any unit vector. Similarly, for the example of the spher-
ical shell we impose the following boundary conditions on I,

»(X) =X+ K;sin2¢&e, if X-e, <Vv1.25, (74a)
T(X) = Kur;sin2¢ e,  if X-e, > v1.25. (74b)
a ——— Ext. eq. (69) ) ;
rrrrr < Ext. eq. (70) :
101 ; [
E 1072} ’
4 :
w0l ~ h?
104 i i
1071 10°

h/ho

The Neumann boundary I'* for each example is the subset of I';, de-
fined in (73b) or (74b), while I'? is the complement of its closure in
I'. Essential boundary conditions on Fﬁ = TI'ny, are imposed via the
interpolatory method, with extensions (56) and (60) for the corre-
sponding problems. In contrast, near Fﬁ_rl and Iy, the extensions
are constructed by evaluating, for each example, (73) and (74) near
the boundary. Fig. 13 shows the optimal order of convergence when
both the interpolatory and non-interpolatory methods are adopted
on I'y,,.

5.4. Stabilization

Discontinuous Galerkin methods for elliptic problems may need
stabilization terms. These often take the form of a penalization of
the magnitude of the discontinuities in the numerical solution.

We did not add a stabilization term in any of the simulations
presented so far. However, we performed numerical experiments
for linear elastic problems analogous to those carried out in [32]
for the Poisson’s equation. The gradual onset of the boundary lock-
ing phenomenon as discontinuities near the boundary are more se-
verely penalized is also observed in this case. This is what is
expected from the conforming finite element space when the con-
straints imposed by the prescribed boundary conditions are strictly
enforced. Indeed, this is shown in Fig. 14a for the case of the annu-
lus, which reveals a suboptimal ¢(h) convergence as the parameter
scaling the stabilization term, j, is very large. A similar situation is
reflected in the 3D example. Fig. 14b shows the L*(Q N @,)-error for
different values of p for two successive refinements of the mesh.
The ¢(h) convergence for large values of 8 is in contrast with the
o(h?*) convergence for values of § that are small or zero.

(o2

—— Ext. eq. (71)
—--x-—- Ext. eq. (72)

1071

e —nllo

1072} 1

L L L "

0.15 0.3 0.45
h/ho

Fig. 11. Quadratic convergence of numerical solutions when adopting the interpolatory method to construct approximate traction boundary conditions on I'y;, in the

annulus and spherical shell examples.
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Fig. 12. Use of the non-interpolatory method for the approximation of traction boundary conditions on I';,. Optimal convergence rates are achieved.
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Fig. 13. Combination of Dirichlet and Neumann boundary conditions on I',,. Both the interpolatory and the non-interpolatory method display optimal convergence rate.

100 - -

a ]

10} / ]
o ~h
?'\ 1072} . ]
S %

1073 1 o ]

~ h2 ~—— (3 =1el0
b - =0
1074} o Bd. Fitting Methd.| |
107t 10°
h/ho

T

lle =l

0.6} s [
L /o ]
/o
0.2} o ]
AR
I K
0.1} ¢ |
K
| T Ik ~ 0.53
e hfhg ~ 0.29
10-4 10-2 10° 102 10 106
G/h

Fig. 14. Smooth onset of the locking phenomenon when transitioning from a DG to a conforming discretization. We do so by increasing the relative importance of a
stabilization term that consists of a quadratic penalization of the magnitude of the discontinuities, see, e.g. [32]. When the stabilization parameter, §, is large, an essentially
conforming discretization is recovered. Shown on the left are the convergence curves for the example of the annulus with no stabilization, and a large stabilization parameter.
Penalization of the discontinuities results in a loss of a full order of convergence. Also shown is the convergence curve for the same example but when adopting the boundary-
fitting method described in Section 5.6. Shown on the right is the error in the numerical solution for the example of the spherical shell for different values of . The poor
approximation of the solution for large § is reflected in a larger error and lower reduction in the error upon subsequent refinement.

5.5. On the error in the interior of the domain

The appearance of boundary locking can be roughly described
as a consequence of the impossibility to approximate functions
with non-zero gradients parallel to the boundary, see [32]. It is
then fair to wonder whether the loss of accuracy is restricted to
a region at a distance of order h near the boundary, or it actually
pollutes the accuracy of the solution well in the interior of the do-
main. The numerical example that follows shows that the latter
can actually happen; the loss of accuracy near the boundary may
affect the rate of convergence of the solution in the interior of
the domain as well.

The example consists in setting f = 10'° so as to force a nearly
conforming approximation space, and then find the solution of the
two-dimensional annulus problem with Dirichlet boundary condi-
tions imposed on the entire boundary. These were imposed via the
interpolatory method with the extensions in (56). The L*-error of
the solution over the domain {X € Q : 3 < ||X|| < v20}, whose clo-
sure is strictly included in €, is plotted in Fig. 15. The convergence
rate is found to be suboptimal - the error decreases linearly with h.

5.6. Comparison with a boundary-fitting method

We compare next how the accuracy of DG-IBM compares with a
conventional finite element calculation in which boundary-fitting
meshes are used. For simplicity, we chose a polygonal domain in-
cluded in the interior of and very close to the annulus to perform a

0.1 T T

lle = enlloseravm

1
Tir

0.1 1
h/hg

Fig. 15. Convergence curve for the error in the interior of the annulus of the two-
dimensional example, computed with a nearly conforming discretization (8 = 10'°).
The error in the figure was computed over the region {3 < ||X||v20}. This example
show that the suboptimal convergence rate due to boundary locking is not
necessarily restricted to a region near the boundary, but it may pollute the solution
everywhere in the domain.

comparison. Dirichlet boundary conditions were imposed every-
where on the boundary, by interpolating the exact solution to the
annulus example there. Meshes of triangles exactly fitting the
boundary of the polygon were constructed, and standard P; con-
forming elements were adopted. The numerical solutions obtained
in this way are approximations to the exact solution in the interior
of the polygon.
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Fig. 16. Approximation of the geometry of a femur by immersing the boundary in a mesh. Shown on the far left is the exact surface immersed in a parallelepiped. The
parallelepiped is meshed with tetrahedra. The signed distance function is then constructed, and its zero level-set is evaluated to obtain the approximate geometry, shown in

the middle. On the right, the exact and approximated geometry for the head of the bone are displayed.

Fig. 17. Displacement contours and deformation of the femur as a result of fixing the bottom and imposing downward displacements at the top. The contours of the norm of
the displacement field are shown in (a). The deformed configuration of the bone is shown in (b) and (c), from two different angles. The displacement field in (b) and (c) was

scaled by a factor of 2 for visualization purposes.
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Original Image Compute the distance to the
450 x 600 pixels boundary, the level-set function

A

Interpolate the level-set function
on the mesh to define Q,

Fig. 18. Step towards the generation of image-based geometries. The starting point is a black and white image made of pixels, each one of them painted with one of two
colors. A level-set function is constructed by computing the signed distance of each point to the closest pixel with an opposite color. This function is in turn interpolated over
the background mesh. The boundary of the zero sublevel-set of this interpolant is then the approximate boundary of the domain. Notice that in the example shown here some
features of the geometry are clearly lost; a finer background mesh is needed.

ks

.

Fig. 19. Approximate domains computed with progressively finer meshes obtained by subdividing each triangle in the first mesh into four similar ones. Fig. 20 shows details
of the approximate domain in the regions indicated with gray boxes in the most refined mesh.

Fig. 14a shows the result of this comparison. These are plotted example but stated on the annular domain instead. The magni-
together with the results obtained with DG-IBM for the same tudes of the errors in the two cases are very close. Consequently,
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Fig. 20. Details of the approximate domain for the finest mesh used, before deformation.

Fig. 21. Nonlinear elastic deformations of the image-based geometry. The contour
plot shown is based on the Euclidean norm of the displacement field at each point.
On the left, an enlarged version near the boundary, where the jumps in
displacements can be easily observed.

in addition to retaining optimal convergence rate, for this example
DG-IBM also returns errors whose magnitude is similar to those of
a comparable boundary-fitting method. Of course, this observation
may strongly depend on the problem and the mesh.

5.7. Numerical examples with nonlinear elastic materials

Next, we present two applications that showcase the use of DG-
IBM for simulations of nonlinear elastic bodies of complex shapes.

5.7.1. Compression of a femur

As an illustration of the proposed method’s capability to handle
realistic geometries, we consider an example involving the defor-
mation of a femur. While boundary fitting meshes are readily
available for geometries far more complicated than the bone model
studied here, the problem of meshing any such geometry is signif-
icantly simplified here by meshing a parallelepiped enclosing the
bone and letting the DG-IBM framework take care of the rest.

A common procedure used to convert samples or physical mod-
els into a computer/CAD representation is to scan or profile the
surface. Surface reconstruction algorithms may be used to correct
for irregularities and represent the scanned surface as a tessella-
tion. Mesh generation algorithms discretize the domain enclosed

by the tessellation for use in a conventional finite element model.
With an immersed boundary method, however, the last step is not
required; the tessellation of the surface is used to (approximately)
reconstruct the domain in a possibly non-boundary-fitting mesh.

The (“exact”) surface of the femur adopted here consists in a
fine mesh of triangles. The enclosing domain # is a parallelepiped,
which is easily meshed, in this case with approximately 159,100
tetrahedral elements. The signed distance to the surface needs to
be computed at the nodes of this mesh,* and the approximation
of the geometry then follows as explained in Section 4.2. The result-
ing approximation of the domain is shown in Fig. 16.

As mentioned earlier, the goal of this example is to demonstrate
the ability of the method to handle complex geometries. For this
reason, we adopt a simple nonlinear elastic constitutive law (12)
for the material, with 1 = u = 1. For the same reason, no attempt
to model the real mechanical behavior of bone is made here; bones
may not undergo very large elastic deformations, and realistic con-
stitutive relations are far more delicate than (12).

The bone was rigidly clamped at the bottom (epicondiles) and
downward displacements imposed at the head. Dirichlet boundary
conditions were imposed on the approximate boundary via the
interpolatory method with

X if X-e, < 8 units,
=

75
X-10e, if X -e, > 40 units. (75)

m(x) = {
The length of the sample (along the Z axis) is 46.6 units while the
lateral dimensions (along the X and Y axes) are 8.8 and 7.4 units;
see Fig. 17 for the orientation of the axes relative to the bone. The
origin of the axes is located slightly below the bone in Fig. 17. In
(75), e, is a unit vector along the Z-direction. The displacement im-
posed on the upper surface is about 2.1% of the length. Fig. 17 plots
the resulting deformation.

5.7.2. Application to image-based geometries

Image-based geometries are encountered in many situations,
perhaps most often in medical imaging. A possibly undesirable fea-
ture of extracting geometries from images is that the boundary is
naturally jagged, or pixilated. Most often these geometries are only
approximations of the exact one. In this situation the solution near
the boundary is hardly relevant, and only its behavior far away
from it may be meaningful. Consequently, highly refined meshes

4 The signed distance to the surface is only needed at the nodes that are close to the
surface, not on the entire mesh.
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near the boundary are unnecessary, and the jagged boundary may
be replaced by yet another approximation of the exact one, but
smoother. The construction of the approximate domain in DG-
IBM does precisely that; the approximate boundary in DG-IBM re-
tains feature sizes of the order of the mesh size, averaging out
smaller details.

We demonstrate the use of the current method to easily
simulate complex geometries extracted from images. The example
consists of simulating the nonlinear elastic behavior of a two-
dimensional object whose geometry is given by the black pixels
of a digital black-and-white image. A black-and-white image con-
sists of a rectangular Cartesian grids in which each cell, or pixel,
has one of two possible values, say 0 for white and 1 for black.
The particular geometry that we consider here is shown in Fig. 18.

The signed distance to the (jagged) boundary was used as the
level-set function. For this example, the distance is positive if the
point is outside the domain, in a white pixel, negative when it lays
in a black pixel, and zero at the boundary. The approximate domain
determined by the interpolant of the level-set function is also
shown in Fig. 18. It is evident that if the mesh 7, over which
the level-set function is interpolated is much coarser that the pixel
size, the domain is naturally smoothed out.

The initial background mesh is shown in gray in Fig. 19. Finer
meshes are obtained by subdividing each triangle into four smaller
ones. The resulting approximate domains for each of these meshes
along with some of the details and features of the finest mesh are
shown in Fig. 20.

Dirichlet boundary conditions are applied all along the bound-
ary via the interpolatory method. The displacements along this
boundary are interpolated from

n(X) cos (59 - E) (76)

_X
X 2/

where X is the position vector with respect to the lower left corner
of the background mesh and 6 is the angle formed by this position
vector with the lower boundary of the same mesh. Once again, we
use the same square domain # employed in the previous two-
dimensional simulations - a square of size 10 units. The distances
from the image to the lower boundary and to the left boundary of
the background mesh are approximately 0.68 and 2.14 units
respectively.

The material is assumed to be homogeneous throughout the do-
main, with 2 = ¢ = 1 in the constitutive relation given by (12). The
resulting elastic deformation is shown in Fig. 21. The presence of
jumps near the boundary are also shown therein.

6. Summary

We proposed an immersed boundary method for problems in
elasticity, in which a wide class of non-homogeneous boundary
conditions of both essential and natural type can be imposed while
retaining an optimal convergence rate.

In designing the method, we stated two conditions that, if sat-
isfied, guarantee an optimal convergence rate in the energy norm.
There is considerable freedom for the design of methods that sat-
isfy them. The proposed method here is simply one among many
ways of accomplishing this. The key ingredients of the method
are: (a) the approximation of the domain through a level-set func-
tion in the finite element space, (b) the addition of a discontinuous
Galerkin discretization near the boundary to prevent boundary
locking, and (c) the imposition of boundary conditions through
the construction of an approximation of a smooth extension of
the prescribed values on the boundary to a large enough neighbor-
hood of the domain. We proved that the proposed method satisfies
the convergence conditions in the one-dimensional case, for the

purpose of illustrating how the different ingredients of the method
play a role in attaining an optimal convergence rate.

In proposing the method to construct essential and natural
boundary conditions, we adopted as a starting point that data on
boundary conditions is provided as functions defined on the
Dirichlet or Neumann boundary only. We then added that, if these
functions are given as a restriction to the boundary of a smooth en-
ough function in a neighborhood of the boundary, then boundary
conditions can be imposed by interpolating them. Such a method
was called the interpolatory method. This is, however, not always
the case. Consequently, we proposed a second method, termed the
non-interpolatory method, that necessitates the definition of these
functions only at the boundary. This enables the method to become
fully automatized, i.e., a code can receive the data of the boundary
conditions on the exact boundary only and construct an optimally
convergent sequence of approximations with it.

The optimal convergence rate of the method was verified with
extensive numerical examples in linear elasticity that involved
the two approaches to approximate boundary conditions, for both
the essential and natural type. Furthermore, the versatility of the
method to address nonlinear problems with complex geometries
was demonstrated with two examples in nonlinear elasticity.

An interesting application of this method may be found in the
context of nonlinear elasticity problems with very large deforma-
tions. It is known that under these conditions it may be necessary
to resort to new discretizations of the domain as the material is de-
formed. The immersed boundary method could then be used to
efficiently construct a new mesh on the deformed configuration
of the material, and subsequently adopt the latter as a new refer-
ence configuration of the body.

In the near future we plan to address the convergence analysis
for the two- and three-dimensional cases, as well as to work on
higher order versions of the method.

Acknowledgement

We would like to thank Matteo Negri for helpful discussions
about the convergence of these methods.

Appendix A. An implementation of DG-IBM

A simple implementation of DG-IBM using linear tetrahedral
elements for three-dimensional problems is discussed here. This
includes a description of types of element boundary intersections,
a convenient choice of basis functions and simple quadrature rules
for integration. An implementation for linear triangle elements
was outlined in [32].

A.1. Element-boundary intersections

As mentioned earlier, I'; is composed of plane sections in three-
dimensional (3D) domains. Fig. A.1 shows all possible qualitatively
different plane-tetrahedron intersections. Referring to En @, for
E € 2, as the “cut element,” we see that cut elements can be tetra-
hedra, or wedges with six nodes or pyramids having five nodes.
Also note that I'E(= I', NE) is a triangle for tetrahedra, pyramids
and wedges of type (a), and a quadrilateral for type (b) wedges.

A.2. Basis functions

The standard finite element basis functions are used for ele-
ments belonging to #,. For elements in 2, that use a discontinuous
Galerkin approximation, we choose a convenient set of basis func-
tions that permits easy imposition of Dirichlet boundary condi-
tions. This is the case when one of the shape functions is zero on
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Fig. A.1. Types of plane-tetrahedron intersections; the plane represents the zero level-set of ¢,. The cut element can be tetrahedra, pyramids or wedges. Note that I't is a

triangle except when the cut element is a wedge of type (b).

I'E. Hence we use the first shape function (N,) as the level-set func-
tion itself. The remaining shape functions (Ng, Nr, N¢) interpolate
displacements at points of I'E. If I'f is a triangle, Ng, Nr and Ng
are the standard P; shape functions with degrees of freedom at
the vertices of the triangle. In the case of a quadrilateral, we choose
as degrees of freedom the values of the function at the three verti-
ces of the quadrilateral that form the triangle with the largest area,
and the associated dual shape functions. More precisely, the four
shape functions are given by

Na(%) = (X = Xe) - m,

Ng(X) :ﬁ(x—m) - (XF —Xg) AN,

1 (A1)
Ne(x) = m(x—xc) -(X¢ —Xg) An and
N¢(x) = ﬁ(x —Xg) - (Xg —Xp) AN,

where E, F and G are the vertices sketched in Fig. A2,
AEFG = (Xg — Xf) - (XF — Xg) An and n is the unit normal to the plane
of I'E,

A.3. Quadrature rules

The key ingredient to account for in the construction of quadra-
ture rules for DG-IBM, which makes them different from standard

=

r G

E

boundary fitting methods, is the correct computation of volumes
for elements cut by the boundary.

In DG methods, elements on which the lifting operators may be
different from zero need a quadrature rule that can exactly inte-
grate quadratic polynomials — terms appearing as products of com-
ponents of Dpc. With this in mind, standard quadrature rules can
be adopted for elements in #;. Some of these elements are also
in .4y, and share a face across which functions may be discontinu-
ous. Quadrature rules for such faces need to be at least second-or-
der accurate. Elements in 2, need special quadrature rules for the
sections of the element and the faces that are inside the approxi-
mate domain. We outline an integration scheme to perform all
the necessary integrals exactly and efficiently.

Four Gauss points are needed to integrate quadratic polynomi-
als over tetrahedral domains. Pyramids and wedges are subdivided
into two and three tetrahedra respectively, see Fig. A.3, for the pur-
pose of integration. The four-point rule is utilized in each tetrahe-
dron, resulting in a total of 8 integration points for pyramids, and
12 points for wedges. Three Gauss points are used for integration
over triangular faces, and four points on quadrilateral ones.

These set of rules were found to be as or more efficient than
mapping cut elements to hexahedral elements to evaluate inte-
grals. The Jacobian of such a map increases the order of the polyno-
mials to be integrated, necessitating more quadrature points than
being used here.

F

Fig. A.2. For tetrahedral elements cut by the boundary, Ng, Nr and N; are the standard set of P; basis functions, which has the values of a function at E, F and G as degrees of

freedom. Shape function N, is zero on I'E.
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Fig. A.3. For the purpose of integration, pyramids are subdivided into two and wedges into three tetrahedra. A four-point rule is used in each tetrahedron.
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