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Abstract

This paper presents a geometric discretization of elasticity when the ambient space
is Euclidean. This theory is built on ideas from algebraic topology, exterior calculus
and the recent developments of discrete exterior calculus. We first review some geo-
metric ideas in continuum mechanics and show how constitutive equations of linearized
elasticity, similar to those of electromagnetism, can be written in terms of a material
Hodge star operator. In the discrete theory presented in this paper, instead of referring
to continuum quantities, we postulate the existence of some discrete scalar-valued and
vector-valued primal and dual differential forms on a discretized solid, which is assumed
to be a triangulated domain. We find the discrete governing equations by requiring
energy balance invariance under time-dependent rigid translations and rotations of the
ambient space. There are several subtle differences between the discrete and continuous
theories. For example, power of tractions in the discrete theory is written on a layer
of cells with a nonzero volume. We obtain the compatibility equations of this discrete
theory using tools from algebraic topology. We study a discrete Cosserat medium and
obtain its governing equations. Finally, we study the geometric structure of linearized
elasticity and write its governing equations in a matrix form. We show that, in addition
to constitutive equations, balance of angular momentum is also metric dependent; all
the other governing equations are topological.
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1 Introduction and Motivation

The main motivation of this paper is to pave the road for developing geometric discretization
schemes for elasticity. To our best knowledge, to date there is no systematic geometrization
of discrete elasticity. In the case of electromagnetism this is an easier task as all the fields
can be expressed by (scalar-valued) differential forms [12} [9; [35; [18]. In other words, the
classical theory of exterior calculus is all that one needs to geometrize electromagnetism. It
turns out that a complete geometrization of nonlinear elasticity is much more difficult as one
encounters various types of tensor and two-point tensor fields. A complete geometrization of
nonlinear elasticity should use bundle-valued differential forms. This has been done recently
for stress by the author and coworkers [23]. In this paper, we show how discrete elasticity
can be geometrized when the ambient space is Euclidean. Among the interesting things
are the constitutive and compatibility equations. We obtain the discrete governing field
equations by postulating an energy balance and its invariance under time-dependent rigid
translations and rotations of the ambient space.

To date, the traditional way of solving mechanics problems numerically has been the
following. Balance laws are postulated for an arbitrary subbody P of a (finite) body B.
These laws are usually written in integral forms. The localization of the integral balance
laws gives the differential (pointwise) governing equations. These governing equations are
then discretized using different techniques like finite element method, finite volume method,
etc. In the end, a set of discrete governing equations is solved for some discrete quantities
that are defined on a discretization of B, which is called the finite element mesh in the finite
element method, for example. The following diagram summarizes this process schematically.

Balance Laws
Bttt

B in Equilibrium Integral Balance Laws

Geometric Discretization J, J{Localization

Discretization of BVP

Discrete Governing Equations Governing Differential Equations

What we have in mind is different. Our idea is shown in the above commutative diagram.
Instead of going through the unnecessary step of localization, it would be desirable to
postulate the balance laws for the discretized system and obtain the discrete governing
equations directly.

The idea of geometric discretization of field theories is not new. In different field theories,
it has been realized for quite some time that a more natural discretization of governing
equations is to start directly from a discrete system without any reference to the continuum.
This of course would be the only choice for systems that are intrinsically discrete, e.g.
molecular systems, etc. As an example of a recent attempt in geometric discretization of
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field theories we can mention the so-called “finite formulation” method proposed by Tonti
[38]. The important thing to note is that before trying to construct a geometric discrete
theory for any field theory, one first needs to have a complete understanding of the geometry
of the field theory itself. In the case of nonlinear elasticity this geometric structure is very
rich and the existing results from geometric discretization of electromagnetism, for example,
cannot be directly and naively used.

Balance laws in continuum mechanics are usually written in terms of conservation of
some physical quantities (like mass, linear momentum, angular momentum, etc.). They all
have the following generic form

4w [ o

where P is a subbody and £ and n are volume and surface densities of some physical
quantities. Tonti [36} [37] demonstrates that for a body considered as a cell complex balance
laws can be written as

5(f) =9, (1.2)

where f is a k-cochain representing the flux (a quantity associated with the boundary of
each cell) and g is a (k + 1)-cochain representing the production of the physical quantity
inside each cell. However, this is just a formal statement and may not be that trivial to
express geometrically for a field theory like elasticity.

A natural tool for geometric formulation of balance laws, or more specifically for scalar
balance laws, is exterior calculus. An interesting character of exterior calculus is its gen-
erality and coordinate independence. For example, Stokes’ theorem compactly represents
all the integral theorems of vector calculus [I5]. One of the main goals of developing a
geometric discrete theory of elasticity is to put all the existing computational techniques
in one abstract setting. This rationalization of computational mechanics will be theoreti-
cally interesting for its own sake. In addition to this, having such an abstract framework
would enable one to develop new numerical schemes that have the required features for a
specific application. It will also be useful to be able to separate the topological and metric-
dependent quantities and operators, etc., something that is completely clear in the case of
electromagnetism. In the continuum setting, nonlinear elasticity has a fairly well-developed
geometric formulation. It is seen that unlike electromagnetism, in nonlinear elasticity one
has to work with tensor and two-point tensor fields. This means that elasticity cannot be
rewritten geometrically simply in terms of differential forms; it turns out that one needs
to consider bundle-valued forms [23]. We should emphasize that convergence issues are not
discussed in this paper.

This paper is structured as follows. In §2, in order to make the paper self contained,
we give a brief review of algebraic topology, exterior calculus and recent developments in
discrete exterior calculus. We also extend some of the existing results to the case of discrete
bundle-valued forms. We then review geometric continuum mechanics in §3. We first review
the geometric formulation of classical electromagnetism and its geometric discretization.
Linear elasticity is studied as a geometric linearization of nonlinear elasticity about a given
configuration. Part of this section is new. In particular, we show that, similar to those of
electromagnetism, constitutive equations of linearized elasticity can be written in terms of a
material Hodge star operator. We then formulate linear elasticity in terms of vector-valued
and covector-valued differential forms. In §4, we present a discrete theory of elasticity based
on geometric ideas and with no reference to continuum quantities. Conclusions are given in

§5.
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2 Algebraic Topology, Exterior Calculus, Bundle-Valued
Differential Forms, and Discrete Exterior Calculus

Here, we review some basic concepts from algebraic topology. We follow Munkres [29],
Hatcher [20], Lee [25] and Hirani [22].

The main goal of topology is to classify spaces up to homeomorphisms. In general,
deciding whether two given spaces are homeomorphic is not easy. Several topological in-
variants are defined in topology and for a given topological invariant, a necessary condition
for two topological spaces to be homeomorphic is to have the same topological invariants.
Algebraic topology is a branch of topology that studies algebraic topological invariants (e.g.
homotopy, homology and cohomology groups, etc.).

Given a geometrically independent set {vg,...,v,} in RNL the n-simplex o™ is defined

as
n n
o = {xGRN: =Y tw, t; >0 Vi, Ztizl}. (2.1)
i=0 i=0

The numbers ¢; are called the barycentric coordinates of & with respect to {vg, ..., v, }. The
points vg, ..., v, are called vertices of 6™ and dim ¢™ = n. Any simplex spanned by a proper
subset of {vg, ..., v, } is called a face of ¢™. If ¢ is a face of 0™, we show this by o < o™ (or
o™ = o). The smallest affine subspace of R" containing o is called the plane of ¢ and is
denoted P(c). A simplicial complex K in R¥ is a finite collection of simplices (in RY) such
that

e K contains all faces of every simplex.
e Intersection of any two simplices of K is a face of both of them.

L, a subcollection of K, is called a subcomplex of K if it contains all faces of its elements.
The p-skeleton of K is the collection of all simplices of K of dimension at most p and is
denoted K ). For example, in a truss structure, K (% is the set of nodes and K1) is the set
of members of the truss.

An abelian group G is a free group if it has a basis, i.e., if there exists a family {gq }acr C
G (for some index set I) such that every g € G has the following unique representation

g= Znaga (finite sum) Vg € G, n, € Z. (2.2)

For a simplex o, two orderings of its vertices are equivalent if one is an even permutation of
the other. By definition, a zero simplex has only one orientation. For simplices with posi-
tive dimension, there are two possible orientations. Suppose {vg,...,v,} is a geometrically
independent set in RY. The oriented simplex o spanned by these points is denoted

o? =lvg, ..., Up]- (2.3)

Let o? = [vy, ..., vp] be an oriented simplex (p > 1). Each (p — 1)-face of o? can be given an
orientation called the induced orientation. This orientation is defined by

oP~l = (—l)i[vo,...,ﬁi,...,vp], (24)

where the hat on v; means omit the ith vertex.
Given two simplices o and ¢’ embedded in RY if they share a face of order n — 1,
the two will have the same orientations if they induce opposite orientations on the shared

' This means that {v1 —v0,...,vn —vo} is a linearly idependent set of vectors in RN,
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face. If o and o’ have the same orientations we write sign(o,o’) = +1 otherwise we write
sign(o,o’) = —1.

A p-chain on a simplicial complex K is a function ¢ from the set of oriented p-simplices
of K to Z such that

e ¢(0) = —c(0’) if 0 and ¢’ are opposite orientations of the same simplex.
e ¢(o) # 0 for finitely many p-simplices.

p-chains are added by adding their values. The group of p-chains of K (with this binary
operation) is denoted Cp(K). If p < 0 or p > dim(K), C,(K) is the trivial group by
definition. The elementary chain ¢ corresponding to an oriented simplex ¢ is the function
defined as
1 if =0,
e(t): =< —1 if 7 =0 (opposite orientation of o), (2.5)
0 otherwise.

It can be shown that C,(K) is a free abelian group. A basis for this group is obtained
by giving each p-simplex an orientation and using the corresponding elementary chains as
a basis. Boundary operator is a homomorphism 9, : Cp(K) — Cp_1(K) defined on each
oriented simplex o = [vg, ..., v,] as

n

Op(0) = Op[vo, ey vn] = D _(=1)"[vo, e, Dy ey V], (2.6)

=0

where 0; means that the vertex v; is removed from the array. Note that for p < 0 or
p > dim(K), 9, is the trivial homomorphism. Note also that d,_1 0 d, = 0 (boundary of a
boundary is empty).

The group of p-cycles Z,(K) is the kernel of 0, : Cp(K) — Cp_1(K). The group of
p-boundaries B,(K) is the image of 0,11 : Cpy1(K) — Cp(K). Note that boundary of a
(p+1)-chain is always a p-cycle. However, a p-cycle need not be boundary of a (p+ 1)-chain,
in general. The pth homology group of K, H,(K) is the following quotient group

Hp(K) = ZP<K)/BP(K)' (2-7)

Rank of the group H,(K) is called the pth Betti number b,(K). For example, intuitively,
the first Betti number is the maximum number of cuts that can be made without dividing
the space into two pieces. We will see in §4 that this number will play an important role in
compatibility equations for a two-dimensional discretized solid.

The following sequence is called a chain complex and is denoted by C

0 250 € () 2 222 €y () 25 Gy() 220 Cpea(B) 255 1 25 Go(R) 2 0,
(2.8)

Given two abelian groups G and H, the set Hom(G, H) of all homomorphisms of G into H
is an abelian group if homomorphisms are added by adding their values in H.

Given a simplicial complex K and an abelian group G, the group of p-cochains of K
with coefficients in G is the group

CP(K;G) := Hom(Cy(K), G). (2.9)
The coboundary operator § is defined to be the dual of 0 : Cp11(K) — Cp(K), ie.

§:CP(K;G) — CP™HK; Q). (2.10)
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If ¢P is a p-cochain and ¢, is a p-chain, (c?,cp) = cP(c,) denotes the value of ¢” on ¢,. In
this notation, coboundary operator is defined as

(0cP, cpg1) = (P, Ocpt1). (2.11)

The following sequence is called the cochain complex induced by the coboundary operator.

0 oniry X L3 oy & (i) & o) 28 L8 o0k — o,
(2.12)

The unit k-ball is the following subset of R*
{xeR": x| <1} (2.13)

A k-cell is a set homeomorphic to the unit k-ball.

Eq. (2.11)) is known as Stokes’ theorem for cochains. It is a well-known fact that Stokes’
theorem is metric-free and can be thought of as a connection between topology and analysis
(see [27] and [19]). There is also a close connection between cochains and differential forms.
Roughly speaking, cochains are discrete analogs of differential forms.

A differential k-form can, in principle, represent a physical quantity. Integrating the
differential form on a k-manifold gives the ‘amount’ of the physical quantity in the k-
manifold. For example, mass density is a 3-form and integrating it on a 3-manifold (a
subbody) gives the mass of the subbody [28].

Consider a differential k-form « defined on a complex K. The associated k-cochain ¢
is defined dy

k

/ a={(cFc) K. (2.14)
Ck

Now, the discrete and continuous Stokes’ theorems can be related through the following
diagram (see [8])

k

k — cochain ¢# —*— (k + 1) — cochain cF*!

R R
o] [

k—forma 92— (k+1) — form da

2.1 Discrete Exterior Calculus (DEC)

In this subsection we review some recent developments of discrete exterior calculus [22}
11]. See also Beauce and Sen [2] and Wilson [40]. A (locally or globally) discretized solid
resembles a simplicial (or cell) complex and therefore it would be natural to use the concepts
of algebraic topology for such a discretized system. It would also be natural to think about
using chains and co-chains and try to express the discrete fields on a discretized solid body
in terms of co-chains.

Primary and Secondary Complexes. Here it is assumed that we are given a global
triangulation of the domain and that the triangulation is a simplicial complex. It would
be a natural question to ask whether this is always possible for an arbitrary domain. The
answer is no but we restrict ourselves to cases where this is possible. A classical result
is that differentiable manifolds have triangulations [7]. Thus, in this paper it is assumed
that a Riemannian manifold (M, g) is discretized by a simplicial complex K and that K is
embedded in RY for some N € N (usually N = 2 or 3). The simplicial complex K is called
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the primary complex.

In order to be able to develop a discrete exterior calculus, it is necessary to define a
dual cell for a given simplicial complex. One motivation for defining a dual complex is
the following. Suppose a O-form is defined on a simplicial complex K embedded in R2.
As will be explained later, this discrete form assigns a real number to each O-simplex o”.
This discrete O-from is isomorphic (through a discrete Hodge star operator) to a discrete
2-form which assigns a real number to 2-simplices of a complex xK. The dual complex xK
is defined such that its 2-cells are in a one-to-one correspondence with the 0-simplices of K.
There are different possibilities for a dual complex; barycentric and circumcentric duals are
two examples. It should be noted that duality is problem dependent and one should try
to understand the underlying physics of the problem before developing a discrete exterior
calculus. In other words, dual of a simplicial complex is not unique and depending on the
problem different duals can be defined. In this sense, there is no unique DEC on simplicial
complexes.

The circumcenter ¢(o?) of a p-simplex o? is the unique point in the p-dimensional affine
space containing oP that is equidistant from all the p + 1 nodes of o?? Circumcentric
subdivision of a simplicial complex is the collection of all simplices [¢(o1), ..., ¢(0y,)] where
01 = 03 < ... < 0,. Given a p-simplex o in K, circumcentric duality operator acts on P
and gives an (n — p)-cell defined by

xoP = Z 8(0.1770.;04»17 0™ [C(O.p)’c(o.erl)’ “.’c(o_n)]’ (2.15)

oP<oPtl< . .on

where (0P, 0P1 ..., 0™) = 1 or —1 to ensure that the orientation of xo? is consistent with
those of o and the volume form of the ambient space R™ [11]. Cincumcentric dual has
some nice properties but is not suitable for a generic simplicial complex. In this paper, we
do not use a specific dual and what follows applies to any well-defined dual complex.

Fig. 2.1 shows a two-dimensional simplicial complex and its barycentric dual. Note that
a boundary dual 2-cell does not include any half primal edges [22].

Figure 2.1: A cell complex K and its barycentric dual xK .

?Note that not every simplicial complex has a well-defined circumcentric dual [33].



2.1 Discrete Exterior Calculus (DEC) 8

Discrete Differential Forms. In the continuous case, a k-form is integrated on a k-
manifold. A discrete k-form is defined by the values it associates to each k-simplex of a
simplicial complex K. This means that, for example, a discrete O-form ¢ is completely
defined on a simplicial (or nonsimplicial) complex K if its value on each 0-simplex of K is
given.

A primal discrete p-form « is an element of Hom(Cp(K;Z),R). This means that a
discrete p-form is a cochain. We make this space an abelian group; two homomorphisms
are added by adding their values in the additive group R. The space of discrete p-forms is
denoted by Qf(K). Thus

O5(K) = CP(K;R) = Hom(C,(K),R). (2.16)

It is possible to define discrete differential forms on a dual complex xK similar to what was
done for K. The space of dual discrete differential p-forms is denoted by Qf (xK).

The discrete exterior derivative d? : O (K) — QZH(K ) is by definition the same as the
coboundary operator ?. The motivation behmd this definition is that dP? maps a discrete
p-form to a discrete (p + 1)-form. A discrete (p + 1)-form associates a real number to each
(p + 1)-simplex of K. This is why dP should be related to 6”. We choose to take d? = oP.
This definition is consistent with the smooth theory. Note that

(doda,0) = (da, do) = (o, 000) = (a,0) = 0. (2.17)

Thus, d od = 0. This operation is natural with respect to restrictions because it is defined
locally on each simplex.

Consider two simplicial complexes K and S. Let ¢ : K9 — SO be a vertex map.
Assume that whenever O-simplices vy, ..., v, € K span an n-simplex of K the 0-simplices
©(vg), ..., p(vy) are vertices of an n-simplex of S. Then ¢ can be extended to a continuous
map ¢ : |K| — |S| such that

z=Y tw; = ¢@)=Y tip(v:), (2.18)
=0 =0

where |K| and |S| are polytopes of K and S, respectively [29]. The map ¢ is called the
linear simplicial map induced by the vertex map ¢. If ¢ is a bijection, ¢ is called a simplicial
homeomorphism of K with S. ¢ can be thought of as a discrete deformation mapping if one
thinks of K and S as discretizations of a body in its reference and current configurations.
Now it is shown that, similar to the smooth theory, discrete exterior derivative is natural
with respect to discrete pull-backs. Suppose ¢ : |K| — |S| is a simplicial homeomorphism
and a € Q5(S) and oP™! € K. Then

(¢"(da),0”™) = ({da,p(o?")) = (0, dp(0™*))
= (a,p(9 Up“)> (" (@), 907 *)
(dg™(a), ") 0

For a smooth n-manifold, Hodge star operator is the unique isomorphism (because there is
a metric on the manifold) between k and (n — k)-forms. This suggests that *a should be
defined on xo? as 0P has dimension n — p. Discrete Hodge star operator is the mapping
*: CP(K) — C"P(xK) defined as

1

| % 0P|n—p

(xaP *oP) = (a®,aP), (2.19)

|0p|p
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where |o?], is the volume of o”. Similarly, | x 67|,,—, is the volume of xo?. Note that o7 is
short for “the chain with all weights null, except the one on ¢, which is 17.

Similar to electromagnetism, where metric properties show up in a material Hodge star
operator, we expect to be able to represent the linear stress-strain relations in linear elasticity
by a material Hodge star. It will be shown in the sequel that this is indeed possible.

Discrete Vector Fields. One can define two types of discrete vector fields: primal and
dual discrete vector fields. For a flat simplicial complex® a discrete primal vector field assigns
a vector to each O-simplex of K, i.e.

X: KO L RN

0% = X(a9)

In other words, a discrete primal vector field is a primal vector-valued 0-cochain. A discrete
dual vector field is a map from dual n-simplices to RY such that

X(*o™) € P(c™) Vo € K. (2.20)

Note that a discrete primal vector field is an RY —valued discrete primal 0-form and similarly
a discrete dual vector field is an RN —valued discrete 0-form.

Discrete Primal Vector Fields. Consider a simplicial complex K embedded in RY.
A primal discrete vector field X on K is a mapping X : K(© — RN where K is the
0-dimensional subcomplex of K, which consists of 0-simplices of K. The value of X on each
primal p-simplex is tangent to the simplex. The space of primal discrete vector fields on K
is denoted by X4(K). Note that here we have implicitly assumed that a primal vector field
is an R¥-valued primal O-form, i.e., the O-form takes its values in the same linear space R .

Discrete Dual Vector Fields. Suppose K is a flat simplicial complex (a simplicial com-
plex of dimension 0 < n < N embedded in RY ). A dual discrete vector field X is a map
X : (xK)(™ — RN, where (xK)™) is the subcomplex of cells dual to primal nodes. The
space of dual discrete vector fields is denoted by X4(xK). Note that here it has implicitly
been assumed that a dual vector field is an RV -valued dual 0-form, i.e., the 0-form takes its
values in the same linear space R,

As will be shown in the sequel, having a discrete theory of bundle-valued forms, discrete
primal and dual vector fields would naturally be special examples, i.e., they are bundle-
valued zero-forms. Several operators in the continuous theory, e.g. flat, sharp, divergence,
etc. can be defined in the discrete setting. See Hirani [22] for details.

Support volume of a simplex o* in an n-dimensional complex K is the convex hull of
the geometric union of o* and xo*, i.e. the discrete n-volume

oF = xoF = convexhull (o, %) m |K|. (2.21)

Fig. 2.2(a) shows a one-simplex in a two-dimensional complex K and its support volume.
2.2(b) shows a boundary one-simplex and its support volume.

Hirani [22] defines primal-primal and dual-dual wedge products as follows. For the sake
of clarity, we illustrate the definitions for one forms. The primal-primal wedge product for

3 An n-dimensional simplicial complex is flat if all its simplices lie in the same affine n-subspace of R,
0<n<N.
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(a) (b)

Figure 2.2: Support volume of a 1-simplez in a two-dimensional simplicial complex. (a) An interior support
volume and (b) a boundary support volume.

a, B € QL(K) is defined as

(@0t = & 3 sign(n)|” 00l sir(o), (2.22)

TES3

where S3 is the permutation group and 7(0?) = 7([vg, v1, vs]) = [Vr(0)> Vr(1), Vr(2)] and

o — 8 ((6) = (@ [or0)svr]) (8. [or(1) vria)): (229
More specifically, S5 = {(123), (132), (213), (231), (312), (321)}. Therefore, given a 2-cell
0'2 = [’Uo,Ul,vZ]
(A B, [0, v, 02]) = |J|:;|v0|{a<[v2,vo]m<[vo,m>—ﬂ([vavvo1>a<[wﬂ>}
v |:2*|Ul' {a([v0, v1))B([v1, v2]) — B([vo, vi])ex([or, va))}
170 (o ) ([, o) — Bl eaa((ez, o)}

(2.24)

The dual-dual wedge product is defined similarly [22].

In physical applications, there may be different ways for defining wedge products. Any
definition should be physically motivated. For elasticity applications we need to define a
wedge product for a k-form and an (n — k)-dual form. Note that what we really need in
elasticity is a wedge product for a vector-valued k-form and a covector-valued (n — k) dual
form. However, having a wedge product for a k-form and a dual (n — k)-form, defining it
for vector-valued forms will be straightforward. Given a primal discrete k-form o € Q% (K)
and a dual discrete (n — k)-form § € QZ"“(*K ), the discrete primal-dual wedge product

A QE(K) x Q0 7H (K) — QF(K) (2.25)
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is defined by evaluation on a support volume as follows.

(a A B, %) = a(c®)B(xa"). (2.26)

2.2 Discrete Bundle-Valued Differential Forms

The motivation of the DEC developed in [22] was to find systematic numerical schemes for
field theories. In this paper, for studying this problem for elasticity, we need to extend some
concepts presented in [22] for discrete bundle-valued forms. Similar to discrete forms that
are real-valued linear functionals on the space of chains, discrete bundle-valued forms are
F-valued linear functionals on the space of chains, where F is a bundle (see Nakahara [30]
for physical examples of bundles.).

A discrete p-bundle in a complex K is F = K @V, i.e. each fiber on a p-cell o? is a
linear space V. Discrete F-valued forms are maps from k-chains to F. These are required
to be homomorphisms into the linear space V. Thus, a discrete F-valued k-form A is an
element of Hom(Cy(K),F), the space of F-valued cochains, i.e.

Q8K F) := Hom(Cy(K), F). (2.27)

Given a k-chain _, a;c, a; € Z, we have

A <Z amf) = (e, ® A%) <Z aici»“) =e,® Z aiA(ch), (2.28)
where A = e, ® A% and {e,} is a basis for V and A® are k-forms. For A,B € Q% (K, F)
and a,b € R and c* a k-chain
(aA 4+ bB) (¢) = aA(c) + bB(c). (2.29)
The natural pairing of an F-valued p-form A and a p-chain ¢P is defined as
(A, Py = A(P). (2.30)

Note that because V is a finite-dimensional linear space, it can be identified with its dual.
Discrete Hodge star operator for F-valued discrete forms is a linear mapping * : F ®
0K, F)— F® Qg’_k(*K, F), which locally maps the form part to its dual, i.e.

1
W<A’0k> = —(xA,*x0") Vot e K. (2.31)

For a vector-valued p-form ¢ with a coordinate representation
t=e,®t" (2.32)
the discrete covariant exterior derivative has the following form
dt = e, ® dt?, (2.33)

which is a V-valued (p + 1)-form. This shows that when all the bundle-valued forms take
values in the same linear space V the discrete covariant exterior derivative can be defined
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very similarly to the discrete exterior derivative. Suppose a is a V-valued p-form, then

(da, cpt1) = (@, 0cpt1), Vi1 € Cpia(K), (2.34)

where both sides are elements of V.

A Primal-Dual Wedge Product. Given a V-valued k-form « and a V-valued (n — k)-
dual form G, their wedge product is defined as

(ahB,a%) = (a(d¥), B(xa™)), (2.35)

where ((.,.)) is an inner product on V.

3 Geometric Continuum Mechanics

In the engineering literature, traditionally continuum mechanics has been formulated in R™.
However, much geometric information is lost by restricting oneself to the rigid structure of
the Euclidean space. Putting continuum mechanics, and in particular, nonlinear elasticity,
in the proper geometric framework [28] is not just a matter of mathematical authenticity;
it has been observed recently that geometry can lead to nontrivial developments [41; [26].
Here we build on the geometric formulation of continuum mechanics, which was developed
in Marsden and Hughes [28]; Simo and Marsden [34]; Yavari, Marsden and Ortiz [41] and
references therein.

3.1 Geometry of Maxwell’s Equations

Before developing a theory of discrete elasticity, it would be helpful to look at Maxwell’s
equations and their geometry. Many works have been done so far in understanding the
geometry of Maxwell’s equations for both continuous and discretized systems (see [12; [9;
35} 3; 18] and references therein). Maxwell’s equations are all vectorial and in that sense
simpler than equations of continuum mechanics. Understanding Maxwell’s equations and
their geometric characteristics would help one in developing a theory of discrete elasticity.

There has been known for a long time that Maxwell’s equations can be written in the
language of exterior calculus. In this framework, it is seen that Maxwell’s equations are met-
ric independent and all the metric information shows up in the constitutive equations in the
form of a generalized material-dependent Hodge star operator. Having this reformulation,
one can have a theory of electromagnetism for discretized bodies without any reference to
the continuum formulation. This is Tonti’s idea of “finite formulation” of electromagnetism.
There have been recent efforts in extending this idea to linear elasticity, e.g. the so-called
“cell method”. As we will see in the sequel, cell method is not a geometric discretization.

Historically, Maxwell’s equations are expressed using the vector calculus language. They
are the following system of partial differential equations

oD
H=—"— 1
V x It + Jg, (3.1)
0B
E=— 2
vip=-2 (32)
V-B =0, (3.3)

V~D:pE, (34)
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where H and E are magnetic and electric field intensity vectors, D and B are electric
and magnetic flux density vectors, Jg is the electric current density (scalar) and pg is the
volumetric electric charge density (scalar).

Theory of differential forms is an alternative mathematical language for describing clas-
sical electromagnetic theory. Writing Maxwell’s equations in terms of differential forms
enables one to clearly see the geometric features of the electromagnetic field theory. When
Maxwell’s equations are written in the form explained above the metric independence of the
equations cannot be seen as the topological and metric structures are unnecessarily inter-
twined. Maxwell’s equations have the following representation when written in the language
of differential forms

oD

0B
dE = ——". (3.6)
dB =0, (3.7)
dD = pg, (3.8)

where H and F are magnetic and electric field intensity 1-forms, D and B are electric and
magnetic flux density 2-forms, Jg is the electric current density 2-form and pg is the electric
charge density 3-form. Note that the exterior derivative operator d is metric independent
and the above equations always have this form no matter what the metric is. This is
in contrast with vector calculus, where in different coordinate systems a given operator
(like grad, div or curl) has different forms. It should be noted that continuum Maxwell’s
equations written in terms of differential forms are invariant under diffeomorphisms; the
same equations for a lattice written in terms of discrete differential forms are invariant
under homeomorphisms [35], for example.

In this formulation, any metric dependency appears only in constitutive equations of the
medium and is represented by Hodge star operators. In Maxwell’s equations, constitutive
equations relate the 1-forms E and H to the 2-forms D and B, respectively, and have the
following forms

D=xgE, B=sxyH, (3.9)

where xp and xy both depend on the medium and the metric. Hodge star operator is
metric dependent and changing the metric, representation of constitutive equations will
change, in general. One should note that this geometric representation is possible only
for linear constitutive equations; any nonlinearity in constitutive equations would need a
different representation.

A comment is in order here. Having written Maxwell’s equations and constitutive equa-
tions geometrically in the forms (3.5))-(3.9), one can directly discretize them by replacing the
continuous quantities and operators by their discrete counterparts. As we will see shortly,
this is not the case in elasticity; one cannot simply work with a formal discretization of the
geometric field equations. We will use an energy balance invariance argument to derive the
discrete field equations.

3.2 Nonlinear Elasticity

In this section we briefly review geometric continuum mechanics. For more details the reader
is referred to [28] and [41]. In continuum mechanics, deformation is thought of as a mapping
between two configurations. Geometrically, we think of deformation as a map between two
Riemannian manifolds (B, G) and (S, g), which are called reference space and ambient space
manifolds, respectively (see Fig. 3.1). Configuration manifold of deformations C is the set
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wt(B)
(B,G)

(S, 8)
Figure 3.1: Deformation of a continuum is represented by a map between two Riemannian manifolds.

of all mappings ¢ : B — S and a motion ¢, : B — S is a curve in C. For the so-called simple
materials, deformations can be locally studied by looking at the map between tangent spaces
of B and S at points X € B and ¢:(X), respectively. The so-called deformation gradient is
the tangent map T'p; : Tx B — TS and has the following local representation

Dt A

= Wea ® dX . (310)
Deformation gradient can be thought of as a vector-valued one-form, i.e. F € TS ® Q}(B).
The right Cauchy-Green strain tensor C = FTF is a map from TxB to itself and has the

following local representation
C=C"%BE,®dX? (3.11)

and is a vector-valued one-form, i.e. C € TB® Q!(B). It can be shown that C is related to
the pull-back of the metric of the ambient space, i.e.

C’ =yig. (3.12)

Note also that one can think of deformation mapping as a vector-valued zero form, i.e.
0 e TS ® QY (B).

3.3 Geometric Character of Stress

In [23], it is shown that stress can be thought of as a covector-valued two-form and all
the governing equations can be written in terms of bundle-valued forms, covariant exterior
derivative and some other operators. One observation there is that unlike Maxwell’s equa-
tions, balance of linear momentum, for example, is metric dependent as covariant exterior
derivative is a metric-dependent operator. More precisely, covariant exterior derivative ex-
plicitly depends on the metric of the bundle. Building on ideas presented in [28; 23], here
we study the geometric structure of linear and nonlinear elasticity. Then based on the geo-
metric developments in the continuum case, we will define discrete stress and strain for a
discretized solid in the next section. We then look at this geometric theory for the special
case where the ambient space is Euclidean, i.e., the case where all stresses take values in the
same linear space.

In classical continuum mechanics, one starts by assuming the existence of a traction
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vector field t = t(¢,x,n). This means that given two surfaces passing through a point
x with unit normal n, traction is the same on both surfaces. Writing balance of linear
momentum for an arbitrary subbody one obtains two things: i) Cauchy’s theorem that
says t is linear in n, i.e. there exists a second-order tensor o such that t(n) = {(o,n)),
and ii) local form of balance of linear momentum. Having t(n) = ((o,n)) it is clear that
t(—n) = —t(n). This is not surprising as a surface by itself does not mean anything in this
context; a surface is meaningful as the local boundary of a subbody. As a simple example,
note that it does not make sense to say that force in a spring is f. Instead, one may say
that force exerted by an external agency to the spring is f and hence the force exerted by
the spring on the external agency is —f.

Now suppose one starts with a more geometric point of view and assumes the existence
of a stress form, i.e., a covector-valued differential form that associates a force to a given
surface. Again, a surface by itself is irrelevant, i.e. one needs an oriented surface. Stress
being a covector-valued differential form, changing the orientation of a give surface the
covector associated to it changes sign automatically.

It turns out that the right geometric machinery for continuum mechanics is calculus of
bundle-valued forms [23]. A bundle-valued differential form is a generalization of standard
differential forms in which an n-form is an element of F @ Q"(S), where F is a bundle,
which for us could be T'S or T*S. In the case of stress, intuitively, we expect it to be a
covector-valued two-form, i.e., stress at x € S is an element of T;S ® Q?(S). This means
that the stress form t has the following local representation

t = dz® @ t,, (3.13)

where t, are two-forms. In [23] it is shown that
t = *90, (3.14)

where o is the Cauchy stress. This means that
t = 04 dz® @ (xdab). (3.15)

Here %2 means that the usual Hodge star operator acts on the area form of the stress form,
i.e. on the second form. Assuming the existence of stress form, Cauchy stress is expressed
as

o=—xt, (3.16)

i.e.

Oap dz® @ da’ = —dz® @ (¥ty). (3.17)

One can define the generalized wedge products A and % as, for example, A : TS®QF(S) x
T*S @ QH(S) — QFF(S) and A: TS @ QF(S) x TS © QU(S) — TS © TS @ QFH(S), i.e.

(u®a)A(B@n) = (u,B) aAn, (3.18)
WO A (VO =(uev)ahs, (3.19)

where u and v are vectors and «, §, and 7 are one-forms. Exterior covariant derivative of
T*S-valued (k — 1)-forms can be defined as d : T*S ® Q=1 — T*S ® QO such that

(u,dT) =d ((u, T)) — VuAT Vu e TyS. (3.20)

Similarly for TS-valued (k — 1)-forms it can be defined as d : TS ® Q*~! — TS ® QF such
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that
(a,dT) =d ({a, T)) — VaAT VaeTyS. (3.21)

Here V is the covariant derivative of vector fields (or one-forms) induced from the metric
g. It would be instructive to have the covariant exterior derivative in component form. For
a T'S-valued (k — 1)-form T one has

dT = e, ® (dT* + 7. dz" A T°) (3.22)
and for a T*S-valued (k — 1)-form T
dT = d2" ® (AT, — 75dz" AT,). (3.23)

It is seen that covariant exterior derivative always depends on the metric of the bundle. For
R™-valued forms defined on an arbitrary manifold one has

dT = dz® ® dT,,. (3.24)

In this case because the bundle has a trivial metric, one can say that covariant exterior
derivative is metric independent. This would be useful for later applications when the
ambient space is Euclidean.

It can be shown that balance of linear momentum in terms of stress form can be written
as

dt +b®p=a®hp, (3.25)

where b, a and p are body force form (covector-valued three-form), inertial force form, and
density form, respectively. This is the geometric version of dive + pb = pa. Balance of
angular momentum reads

(a® B)At! = (8@ a)At!, Y a, B € QY p(B)), (3.26)

where #1 is sharp operator on the covector part. This is the geometric version of o' = o.

3.4 Linear Elasticity as a Geometric Linearization of Nonlinear
Elasticity

Marsden and Hughes [28] formulated the theory of linear elasticity by linearizing nonlinear
elasticity assuming that reference and ambient space manifolds are Riemannian. Here we
review their ideas and obtain some new results. See also Yavari and Ozakin [42] for more
details.

We denote by C the set of all deformation mappings ¢ : B — §. We do not discuss
boundary conditions, but assume that deformation mappings satisfy all the displacement
(essential) boundary conditions. One can prove that C is an infinite-dimensional manifold.

[e] [e]
Consider ¢;€ C, where ¢; is a given reference motion. An element of ng C is tangent to a
t
o]
curve ¢, s € C such that ¢, o =%;. This is called variation of the configuration U = d¢;.

Suppose 7 : £ — C is a vector bundle over C and let f : C — &€ be a section of this
bundle. Let us assume that £ is equipped with a connection V. Linearization of f(¢) at

4This can be derived from the classical balance of linear momentum or from covariance arguments without
any reference to the classical formulation [23].
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,€ C is defined as [28]

£(f:%0) = F@)+ V@)U, UeT,C, (3.27)
where p
Vf(e) U= s & f(prs) 0 (3.28)

and o, is parallel transport of members of &, | to 5& along a curve ¢, s tangent to U at
: t

<o,0t. In [28] it is shown that deformation gradient has the following linearization about <O,0t.
£ (F;0) =F +VU, (3.29)

where ]50‘: T <OPt. One can think of F as a vector-valued one-form with the local representation
F=F'ye,@dX" (3.30)

Thus . .
e:=L (F; w) —F=U" e, @ dXA (3.31)

can be thought of as a geometric linearized strain, which is a vector-valued one form. Note
that nonlinear elasticity can be linearized using the idea of variation of maps too [42].

Linearization of velocity. Material velocity is linearized at follows.
L (V; 52) -V +U, (3.32)

where U is the covariant time derivative of U, i.e.

a ob

ra __ U a c
Ut = .V U (3.33)

Linearization of acceleration. Material acceleration is linearized as follows.
£(A;9) =A +U+R(V, U, V), (3.34)

where R is the curvature tensor of (S,g). In components, the linearized acceleration has

the following form
.. ob od
U+ R%aVV U (3.35)

Proof of this is lengthy but straightforward. Note also that this is a generalization of Jacobi
equation [24].
Marsden and Hughes [28] prove that given a two-point tensor (of arbitrary rank) function

of deformation gradient, H = H(F), linearization of H at @, reads

c(|:¢) =H +Z—I; vU. (3.36)

o
Pt

This theorem can be directly used in linearization of many quantities of interest in elasticity.
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Linearization of FT. Transpose of deformation gradient is defined as
(FW,z), = (W,F'z) VW e TxB, z cT,S. (3.37)
This means that in components
(FT)" 2 = guGAB Pty (3.38)
Noting that g is covariantly constant, one can write
(@t FT) " 0 = g (00.0) G (s F)' . (3.39)

Differentiating both sides with respect to s and evaluating at s = 0 yields

d% 0 (cur,s 'FT)A o = U5 gan(pr,s)G*P+ Z%b B GAB% ve. (3.40)
Note that Pous ) d
o JadVoe + GbdVac- (3.41)
Thus .
c(F5¢) =F +(VU)". (3.42)

Lemma 3.1. The right Cauchy-Green strain tensor has the following linearization
[e] o [e] T [e]
£(C:i%) =C+F VU+(VU)TF. (3.43)
Or in component form
o o oa ob
E(C;%)AB =CaB +gar F A U'B+ga F B U%a. (3.44)

Proof: We need to calculate

d
ECLS(X)

d
=l OX)| (3.45)

Writing this in components and noting that g is covariantly constant, the lemma is easily
proved.

Linearization of Conservation of Mass. Conservation of mass states that
p(1,s(X)) T (@r,6(X)) = po(X). (3.46)

Thus linearizing the above relation about <O,0t reads

[e)Ne)

B3+ (oKD (s (XN | = polX). (3.47)

Hence

p+ p [(divu)o ¢] =0, (3.48)
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o—1 o o
where u = Uo ¢  and p is the material time derivative of p. It is seen that this has the

exact same form of the usual conservation of mass if u is thought of as the spatial velocity
of the variation of deformation map.

Linearization of Balance of Linear Momentum. Linearized balance of linear mo-
mentum reads [42]°

Div (A& -VU) + pgVuB = poU + poR(V, U, V). (3.49)

Linearization of Balance of Angular Momentum. Balance of angular momentum in
component form reads

PUARb, = pbAFa,. (3.50)
This also implies that

0aA ob obA ca

P F a=P F 4. (3.51)

Linearization of this relation about & reads
0aA ob caA oaA ob
P F a+P Ulla+ (A CB) F aUp
obA sa obA o bA oa
=P F a+P U+ (A CB) F 4 U, (3.52)
which can be simplified to read
0 aA oA ob obA o bA 0@
P Ub|A + <A cB> F AUp=P U%a+ (A cB> F A UB. (3.53)

After some simplifications this can be written in the spatial form as

oac oab d e obc @ oba d e
o wWieta Slug= o uleta Tl (3.54)
Or
o:Vu+t a: Vu=Vu:oc +Vu:a. (3.55)

Note that for “product™ of two two-point tensors A and B, one has

B+alB
o a

Pt

JOF

o

e (ami) kb + (5o
:

) . VU. (3.56)

Now let us look at constitutive equations in linearized elasticity from a geometric point of
view in terms of a generalized Hodge star operator.

3.4.1 Material Hodge Star in Linear Elasticity

We know that linearized strain is defined as [28§]

1
€= 308 (3.57)

5Note that in [28] it is implicitly assumed that curvature tensor is zero.
6This includes several possibilities, e.g. tensor product with or without contracting some indices.
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and Cauchy stress is given by

o= 2,02—; (3.58)

Let us define the linearized strain form e = e%*ye, ® dz® such that
eAt = (o : €)u, (3.59)
where p is the volume form of (S, g). This requires that
e = g%€eep. (3.60)

Let us now look at constitutive equations. We know that in linear elasticity [28§]

O_ab _ cabcde

e OT  Oap = GakGniC " ecq. (3.61)

Thus
t = dz® ® [gakguiGmec™ @™ ] (xd2’) = xp e, (3.62)

where *p is a material Hodge star and is a linear operator that relates the vector-valued
strain one-form to the covector-valued stress form, i.e. g : TS @ Q}(S) — T*S @ QP~1(S),
where p = 2 for 2D and p = 3 for 3D problems. Assuming that

sp (dz® @ da®) = K% 4(dz® @ xdx?) (3.63)

it is easy to show that
K®q = genga ™. (3.64)

It is seen that the material Hodge star explicitly depends on material properties. For an
isotropic material one has

cabcd =0 (gacgbd +gadgbc) + AgabQCd. (365)

Therefore, in this case
K% g = (6265 + 626%) + Ageag™. (3.66)

It is seen that constitutive equations are written in terms of a Hodge star operator that, in
addition to the metric, depends on the mechanical properties of the medium as well. It is
also seen that unlike electromagnetism, the material Hodge star is not directly related to the
usual Hodge star operator, i.e., metric and mechanical effects are, in general, coupled. In
other words, it is impossible to expect the following elasticity Hodge star: g (dwa ® dxb) =
*p(dr®) ®*dx®. We observe that constitutive equations of linear elasticity are not as simple
as those of electromagnetism.

4 A Discrete Theory of Elasticity

In this section we present a discrete theory of elasticity with no reference to the continuous
theory. We assume that a discretized solid is embedded in an oriented Euclidean ambient
space. Although this is not the most general possibility, similar to the existing developments
of DEC, it is a natural starting point for geometrization of discrete elasticity.

Let us assume that a discretized continuum is modelled by a simplicial complex K
embedded in an oriented Euclidean ambient space. A discrete deformation mapping is a
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time-dependent simplicial mapping ¢; : K — @¢(K) (see Fig. [4.1)). Thus
i (t) = ¢i(07) Vo, e KO (4.1)

and with a misuse of notation we identify a zero cell o?(¢) with its position vector in the
Euclidean ambient space.
Discrete velocity vector field is a discrete primal vector field on K, i.e.

Vi(t) = (V,0)) =¢u(0)) Vol e KO, (4.2)
Similarly, on K; = ¢ (K)

vi(t) :== (v,0d(t)) = (V, o)) Vole KO, (4.3)

Figure 4.1: Deformation of a discretized solid. Note that, for the sake of generality, we are considering a
generic dual and not necessarily the barycentric dual. AB and CD are primal and dual boundary 1-cells,
respectively.

Traction is a discrete dual RP-valued (p — 1)-form (p = 2 or 3).” Thus, given a dual

(p—1)-cell a1 (t), traction is t(xo! (t)) = (t,x0!(t)) € RP. We assume that traction covector
acts at the point o (%o} (See Fig. 4.2). Given an orientation for K, xK would be oriented
as well [29], i.e., each x0¥ is oriented consistently. A dual (p — 1)-cell shared by two dual
p-cells has opposite induced orientations. Thus, traction on xo! < %0 is t(xo!) while
traction on xo! < %0’ is —t(xo!). Given an orientation to p-cells in an oriented complex
K, dual p-cells can be oriented consistently. Discrete stress t associates a covector to each
oriented xo!. More specifically, given xo! as boundary of xo¥, traction is given by

t(xo! < x0%) = e(x0t,x0%) (t, x0 (1)), (4.4)
where

1 if orientation(xol) = orientation(xot; xo?),
e(xot,x0%) ;= ¢ —1 if orientation(xo') = —orientation(xo'; xa), (4.5)
0  otherwise.

"Throughout this paper, p = 2 corresponds to a 2D discrete problem and p = 3 corresponds to a 3D
discrete problem. We denote by # % ol the number of dual p-cells. Obviously, # % ol = #o'!
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Here orientation(xo';x0?) is the induced orientation of xo! from 0. Fig. 4.2(a) shows

tractions acting on the boundary of a dual subcomplex that does not intersect the boundary
of K. Fig. [4.2(b) shows tractions acting on the boundary of a dual subcomplex that
intersects the boundary of K.

(@) (b)

Figure 4.2: (a) Traction covectors acting on the boundary of a deformed dual subcomplez that does not

intersect the boundary of K. (a) Traction covectors acting on the boundary of a defprmed dual subcomplex

that intersects the boundary of K. Note that for *O'tl, traction acts at the point otl *crtl

Discrete Piola transform. In the continous case, given a vector field v on a manifold
N and a map ¢ : M — N, Piola transform of v is defined as

V =Jp'v, (4.6)

where J is the Jacobian of . Piola transform is used for the first leg of Cauchy stress to
define the first Piola-Kirchhoff stress with the following property

(P, N)dA = (o, n))da. (4.7)
Discrete Piola-Kirchhoff stress is defined as

(IP,%o') = m (t,xa'(t)) V¥V xo’. (4.8)

| x o]

Note that again the traction covector (IP,*c!) acts at the point o} (%o} .
Formal geometric discretization of balance of linear momentum (3.25)) reads

(dt, xcp) + (b, *cp) = (@, *cp) YV oxcp € %K, (4.9)
where p = 2, 3 for 2D and 3D problems, respectively. Note that
(dt, *xcp) = dz® @ (dtg, xcp) = dz® @ (tq, O % ¢p) = (t,0 % ¢p). (4.10)

This formal discretiziation is not useful as one needs to have an explicit form for dt. We
will derive an explicit expression for dt using energy balance invariance arguments in the
sequel.

Discrete strain IF is a discrete primal vector-valued one-form. Given a one-cell o',
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F(o!) = ¢¢(c!), where again with a misuse of notation we denote the 1-simplex (in both
reference and current configurations) and its position vectors in the Euclidean ambient space
both by o' and o}, respectively. Given ¢; and o! = [0?, 0J]

F(o') = [pi(01), pe(0})] = (dgs, ot). (4.11)
Discrete displacement field is defined as

w(0%) = pi(0) — po(c®) Vo e K. (4.12)

Figure 4.3: Deformation of a discretized solid. a) Reference configuration. U is a dual subcomplex.
b) Deformed configuration. The dual subcomplex *U is mapped to oi(*U). ¢) A subset of the deformed
configuration where internal energy is defined. This is a collection of support volumes. d) Internal and
boundary dual deformed subcomplexes. The shaded regions are where power of tractions is defined and the
unshaded interior regions (collection of support volumes) is where internal energy is defined.

Density is a dual p-form in the sense that it associates a scalar to a given dual p-cell.
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Conservation of mass in the continuous case reads

9]
Loyp=2L1e.p=0. (4.13)
ot
For a time-independent discrete primal vector field X, Desbrun, et al. [11] define discrete
autonomous Lie derivative using Bossavit’s [5] idea of extrusion as

d

<2Xa70k> = 7‘t:0 <04780t(0'k)>, (4.14)

where ;(c") is o® carried by the flow of the (time-independent) discrete primal vector

field X. In the case of discrete elasticity one needs to have a way of defining discrete
Lie derivatives with respect to time-dependent vector fields as the relevant vector field in
elasticity is the velocity field, which is always time dependent.

Let us first review the definition of non-autonomous Lie derivative. Suppose X is a
time-dependent vector field on a manifold M. An integral curve x(t) of X is a curve in M
such that J

x(t
% = X(x(t),1t). (4.15)
The flow generated by X is a map ¥ : R x R x M — M such that for any s and x € M,
t — 1 (%) is an integral curve of X and ¢, s(x) = x. Now given another vector filed Y

d oY
LxY = (dtwt»sYtl =5, &Y. (4.16)

=t

In the case of motion of a continuum, flow of v has the form ) ; = ¢ o o7t

Let M be an n-dimensional manifold, N a k-dimensional submanifold and let X be a
time-dependent vector field on M. Fixing time at an instant s, the manifold obtained by
sweeping N along the flow of X for time ¢ is called the extrusion of N at time s by X for
time ¢ and is denoted by Fy s(N).

Lemma 4.1. Lie derivative of a k-form a with respect to a time-dependent vector field X
is defined as

d
/ Lxa=— a. (4.17)
er(N) dt Jo, ()
Proof:
d/ d / { *d( . )]
o o = - P = Ps 77 (PsxPr &
dt J g, ydt Tt N L dt e P
d
= * * — * L
/N(pt dt ey (wt,sa) /N‘Pt( x )
- / Lxa. O (4.18)
wt(N)

This lemma motivates the following definition for Lie derivative of an arbitrary k-form with
respect to a discrete time-dependent vector field X.

d

(Lxa, o (1) =

(o, a*(t)). (4.19)
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Discrete conservation of mass. Conservation of mass can be written as

/poz/ p:/gprp YU CB. (4.20)
u e: (U) u

Thus
PP = po- (4.21)
Hence
Psx PLP = Vi 5P = PsxPo- (4.22)
Therefore J
Ui =0, (4.23)

Thus, Lyp = 0 as expected [41].
Conservation of mass for a discrete system can be written as

(p,pr(x0°)) = (po,x0”) V¥ x0 € xK. (4.24)

Thus J
7 {p,pr(x0°)) = (Lyp, pr(x0°)) =0 V %0’ € xK. (4.25)

Discrete balance of angular momentum. Formal discretization of balance of angular
momentum using the continuous local balance law can formally be written as

(@ B)At xc,) = (B® a)At? xc,) YV xcp, € %K, ¥V o, B € QY (i (xK)).  (4.26)

Or
((a A B)AEH! xep) = 0 V x¢, € %K. (4.27)

However, it is not clear how this can be explicitly written on a dual p-cell. We will use an
energy balance invariance argument to obtain the explicit form of this balance law in the
sequel.

Remark. It should be mentioned that many of the known physical quantities should be
modelled by the so-called twisted differential forms. These were introduced by Weyl [39]
(see also De Rham [13], Burke [6], and Abraham, Marsden and Ratiu [I]) and are sometimes
called pseudo-forms or forms of odd type. A twisted form a on a manifold M can be defined
in terms of (straight) forms as a pair & = (a,[M]), where « is a differential form and
[M] is an orientation of M, with the equivalence relation (o, [M]) ~ (—a, —[M]). This, in
particular, means that changing the orientation of the manifold M, integral of the twisted
form @ on M would not change. As an example, mass density when integrated on a 3-
manifold representing a body will give the total mass of the body. Total mass of the body
should be independent of orientation of its representing manifold and hence mass density is
a twisted 3-form.

It should be noted that stress is a twisted form. However, if the ambient space is oriented
there is no need to distinguish between forms and twisted forms. There are two important
issues here. The first is that if one wants to think of stress as a twisted form other quantities
should be changed accordingly. For example, as was mentioned in the above paragraph, mass
density is a twisted form. The second is that in the case of stress there is a subtle issue;
stress is a twisted form not as a consequence of balance of linear momentum, instead as a
consequence of the fact that any “density” is a twisted form and stress is in some sense a
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“density of force”®.

In the present discrete theory, it is assumed that all the quantities of interest are repre-
sented by forms, vector-valued forms and covector-valued forms. We start with an oriented
K complex embedded in an oriented Euclidean ambient space. Defining a dual complex xK,
one can orient it consistently. Discrete analogues of what one sees in nonlinear elasticity are
scalar, vector, and covector-valued differential forms, defined on the primal or dual cells.
In particular, stress is defined on dual (p — 1)-cells xo'. However, there is a subtlety here.
Unlike discrete strain IF that is defined on primal 1-cells independently of any primal 2-cell,
discrete stress associates a covector to xo!' as the boundary of a dual 2-cell x¢°, i.e. it is
only meaningful to define stress on 0! < x0?. Note that we assume that K and K, and
hence all their simplices, have fixed orientations and are embedded in an oriented Euclidean
ambient space. Note also that a given (p — 1)-cell xo! is the boundary of two dual p-cells
and has opposite orientations induced from them. Now, this implies that t associates two
opposite covectors to the same dual 1-cell as boundaries of the two dual p-cells sharing xo*
and this guarantees balance of linear momentum on dual (p — 1)-cells (a measure zero set).

Up to this point, there is no reason to worry about twisted forms. Let us now consider
x0! < %00, If the orientation of 0¥ is changed the induced orientation of xo! will be
reversed too but stress covector acting on xo! should not change. In this sense, stress is a
discrete dual twisted (p—1)-form. It is easy to show that discrete strain is a (straight) primal
1-form. For similar arguments for differential form representation of Maxwell’s equations
see [6].

4.1 Energy Balance for a Discretized Solid

Balance of energy for a subset ¢ (U) C +(B) of a deformed continuum body ¢ (B) reads

G wies [ )= [ wmipr [ e en, @29

where v, e, and h are spatial velocity, the internal energy function per unit mass, the heat
supply 3-form per unit mass and the heat flux 2-form, respectively. Note that {(,)) is the
inner product induced from the metric of the ambient space. In a discretized solid, internal
energy density is a p-form defined on support volumes. Kinetic energy density x is a dual
p-form. The only nontrivial part of the energy balance is the power of tractions. In the
discrete case, velocity is a dual vector field while traction is a dual (p — 1)-form. We assume
that given a dual p-cell xo¥ tractions on faces of x0® are paired with velocity in the dual
p-cell. This will be explained in more detail in the sequel.

For writing balance of energy one needs to make sure all the contributions to power are
taken into account in a consistent geometric form. Body force is a discrete V-valued dual
p-form (p = 2 or 3) and velocity is a discrete V-valued primal 0-form. Therefore, power of
body forces is defined on each dual p-form as

(bAv,+0°(t)) = ((b,x0°(t)), (v,0°(£))) . (4.29)

Power of tractions is a dual p-form, defined on each dual p-cell as
(tAv,xa"(t)) = Z e(xa',x0?) ((t, %' (1)), (v,0°(1))) . (4.30)
oly»o0

This means that power in each dual p-cell is defined as a weighted sum of powers of each
traction on the boundary of the dual p-cell. A comment is in order here. Traction covectors

8Frankel [16] mentions that stress is a pseudo-form.
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and velocities act at d1fferent points as v is defined on o while ¢ acts at the point o} (*o}.
Given a 0-simplex ¢°, each traction covector acting at xo' < xo¥ is parallel transported
to 0. Doing so, one needs to carry a moment with each transported traction. However,
because in this theory there are no independent rotations, these transported moments do
not contribute to power and this justifies (4.30).

Internal energy is defined on support volumes (see Fig. [4.3(c)). Given a dual sub-complex

«U; C Ky, internal energy is written as”

*ol *0 -
D S R e )} (4.31)
ot

Note that internal energy is defined only for internal support volumes*" Kinetic energy is
a dual p-form and is defined on each dual p-cell as

(s, x09) = 2 (30 (1)) ((v,0°(0), (v,0(0))) (4.32)

We assume that heat supply r is a dual p-form and heat flux h is a dual (p — 1)-form.
Balance of energy for xU; C xK; is now written as

ol(t oO(t —_

*oVexU  sol —<*0’

*xatgoxlU
FES o) (v, 0°(0), (v, 1))
*o0exU
= 3 (pox0(0) [{{Io, %0 (D), (v, (1)) + (0 (1)]
*o0exU
+ > et x0) (%0t (1), (v, 00 (1)) + (hoxo (1)], (4.33)
*ole xU

where in the last sum 0% € U, 0° < o! and xol(t) is the corresponding support volume.
Balance of energy can be rewritten as

dt XX stwod) (*al(t>)+% S rl)v(e(1) V(o)

*o0exU  xol <xco® *00exlU
*xot ¢ d«U
= Y plxa)) [b(xa°(t) - V(e (1) + r(x0°(1))]
*a0exU
+ Z e(xo',x00) t(xo' (1)) - v(°(t)) + (h,xa' ()], (4.34)
*ole xU

where

[ () N0 (1)]

g (*al(t)) = (e ) (4.35)

Figs. [1.4(a)-(c) show an internal deformed sub-complex *xU; = ¢:(U) and its partitioning

9Note that this holds for those dual subcomplexes that intersect 9K as well.
10This is the discrete analogue of what one sees in the continuous case with the difference that in the
discrete theory physical boundary is a layer of support volumes with a nonzero p-volume.



4.2 Invariance of Energy Balance 28

into interior and boundary parts, where internal energy and traction power are defined, re-
spectively. Figs. 4.4(d)-(f) show the same things for a deformed sub-complex that intersects
oK.

we(xU)
a) b)
d) )

(S

f)

Figure 4.4: a) Interior part of a deformed internal dual sub-complex where internal energy is defined. b)
Boundary part of the deformed sub-complex where power of tractions is defined. ¢) Dual cells are where
power of body forces and kinetic energy are defined. In d), e), and f) the same things are shown for a dual
sub-complex that intersects OK.

4.2 Invariance of Energy Balance

It is known that in continuum mechanics one can obtain all the balance laws by postulating
balance of energy and its invariance under rigid translations and rotations of the ambient
space. This is the statement of Green-Naghdi-Rivilin Theorem [17]. This theorem is useful
as in some cases one may be able to write an energy balance unambiguously and then
the nontrivial form of other balance laws can be obtained using invariance arguments. This
theorem was the starting point of the covariant elasticity theory introduced by Marsden and
Hughes [28], where ambient space is no longer Euclidean. For more discussions and details
see Yavari, Marsden and Ortiz [41] and Yavari and Ozakin [42]. In our discrete theory, we
started by postulating the existence of some discrete scalar and vector-valued differential
forms defined on a primal complex and its dual complex. Having a balance of energy for
a dual sub-complex, in the sequel we postulate its invariance under time-dependent rigid
translations and rotations of the Euclidean ambient space.
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Rigid Translations. Let us first consider a rigid translation of the form
x' = &(x) = x+ (t —to)c, (4.36)

for some constant vector c. We assume that energy balance is invariant under this (time-
dependent) rigid translation, i.e.

LT -
KA DI DI R AR A v )

= FER0]
ol goaU
+2 P L) (V1) (1))
= mo};ﬂ@ K0 (8)) [((B, %0 (1)), (v, a0 (£))) + (', %" (1))]
I e A N O R U AR

For the new deformation mapping ¢} = & o ¢, we have
v(0"(t) = v(e°(t) + ¢ Vol e K. (4.38)

At time t = ¢y energy balance reads

S X [ptet ) & (x0T ®) + o) é (x0T @)

*x00exU  xol <xo®
xolgox

£ i) V(D) + ] [V(o°(1) + ]

*a0exU

+ Y pxa(t)ale’ (1)) - [v(e®(1)) +c]

*a0exU

= Z p(xa®(1)) {Ib(*ao(t)) . [v(ao(t)) + C] + T(*O’O(t))}

*a0exU

+ Z {e(xa",%0%) t(xo' (1)) - [v(0®(t)) + ] + (h,xa' (1))} .  (4.39)

ole xU
Subtracting (4.34)) from (4.39) yields

S0 o) g e Vo) ¢ + X ptsol)ale’n)

*o0exl *o0exlU

= > p(xe"®))b(x0’(t) e+ Y e(xot x00) t(xol () e (4.40)

*o0exU ole «U

Because ¢ and «U/ are arbitrary, we conclude that

p(xa®(t)) = %@, i (x0°)) =0 Vo' e K. (4.41)
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Y elxatx0?) txal (1) + D p(ka’()b(xa’(1) = Y p(xo’()ale’ ().
*ole xU *a0exU *a0exU

(4.42)
Now assuming that xU = xo for some internal dual p-cell, we obtain (discrete localization)

Z e(xot, x00) t(xa ! (1)) +p(x0° (1)) b(x0? (1)) = p(xa®(t))a(c?(t)) V" € xK. (4.43)

ols0g0
Therefore
(dt,x0(t)) = Y e(xat,x00) t(x0' (1)) YV x0° € xK. (4.44)
ol>=00

Rigid Rotations. Now let us consider rigid rotations of the deformed configuration. A
time-dependent rigid rotation can be represented as

x' = t—to)y, (4.45)

where £ is a skew-symmetric matrix. Therefore, the O-cell 0¥ is mapped to e2(t=%) 59 and
hence at t = tg
V.00 (0) = {v,0%(1)) + Q0. (1.46)

Postulating invariance of energy balance under arbitrary rigid rotations, one obtains

> exot % 00) t(xol (1) - Q)+ > p(x0(t))b(x0’ (1)) - Q0°(2)

*ole xU *a0exU

= > pa(t)alo’(t)) - QoO(1). (4.47)

*o0exU

Considering a single internal dual p-cell (p = 2 or 3) at time ¢ = ¢, and subtracting balance
of energy for the original deformed dual cell from this yields
p(xa” () a(o’(t)) - Qo (t) = p(xo” (1)) b(x0"(t)) - R’ (1)
+ > elxotx0”) t(xa (1) - QO (2), (4.48)

ol-og0

which is trivially satisfied as a consequence of balance of linear momentum (4.43)).
Now let us consider two neighboring dual p-cells sharing a dual one cell x¥;. Applying
(4.47) to *Uy = x02(t) Uxo?(t) and using balance of linear momentum yields

t(x3;) - Q (02(t) — op(t)) = 0. (4.49)
This implies that
t(x3) ® (00(t) — op(t)) = (oo(t) — 03 (1)) @ t(xZy). (4.50)
Hence
6(:0) || (02(0) — o0(0) (451)
Or
t(xX;) | F(X). (4.52)

Therefore, traction on each dual (p — 1)-cell has to be along the corresponding primal 1-cell.
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It can be shown that if discrete stress field satisfies (4.51), Eq.(4.47) would be satisfied for
any x4 C %K.

Balance of linear and angular momenta on boundary dual cells. Let us now
consider boundary dual cells. In the continuous case, on a boundary point x € dp;(U), one
may have the boundary condition ofi = t, where t is a known traction. In the discrete
case, the interior dual complex is connected to boundary of K by some dual 1-cells (see Fig.
4.3). As boundary conditions, the primal 0-cell can be given a position vector (displacement
boundary condition) or if not the body force covector corresponding to dual of the 0-cell
would be an unknown. In either case, balance of linear momentum for boundary dual cells
has the same form as that for interior dual cells. Balance of angular momentum has the
same form for all dual p-cells, i.e. it is independent of boundary conditions. In other words,
in this discrete theory one does not need to look at balances of linear and angular momenta
for boundary dual cells separately.

Localization of energy balance. In the continuous case and in the absence of heat
sources and heat fluxes, material energy balance has the following localized form [2§]

OE

OF
P _
Poat

-5, =S:D, (4.53)

where E is material energy density, S is the second Piola-Kirchhoff stress tensor and D is
the material rate of deformation tensor, with components D g = % (F“AVa|B + F‘LBVG‘A).
In the following we obtain a discrete analogue of (4.53).

(a) (b)

Figure 4.5: (a) Two neighboring dual 2-cells. Writing energy balance for the two cells separately, there is
no internal energy contribution. (b) In writing balance of energy for the union of the two neighboring dual
2-cells, internal energy has a contribution in the shaded region (a support volume).

Let us consider a dual sub-complex U/ consisting of two dual p-cells, i.e. *U = %0 Uxo?
(see Fig. [4.5). Energy balances for 0 and *O'Z? separately read (note that there are no
internal support volumes for these sub-complexes)

p(xag(t))a(og(t)) - v(og(t)) = plxaa(t))b(og(t)) - v(og(t))
+ > e(xo x00) t(x0l (1) - v(00(t),  (4.54)

p(xap (t))al(oy (1)) - v(op (1) = p(xap (1)) b(oy(1) - v(op(2))
+ Z e(xot, x00) t(xol (1)) - v(aD(t)).  (4.55)
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Balance of energy for xo! U *ag reads

%e (*ol(t)) + p(xag () alog (1) - v(og (1)) + p(xay () aloy () - v(oy ()
= p(xaq(t))b(og (1) - v(og (1)) + p(xay ())b(oy (1)) - V(o3 (1))
+ Z e(xot,x0%) t(x0t (1)) - v(e2(t))

ol>-o0(t)

+ Z (xot,x0%) t(x0t (1)) - V(o (1)), (4.56)

a>a

where prime on summations means that xo! is excluded. Without loss of generality, let us
assume that e(xo},%00) = —1 and e(xo}, x0f) = 1. Adding (4.54) and (4.55) and subtracting
from (4.56)) yields

d /—
pr (*al(t)> =t(xa'(t)) - v(op(t)) — t(xa (1)) - v(a2(1)). (4.57)
Therefore, we have proved the following proposition.

Proposition 4.2. In the discrete case, for any xo*(t) and its corresponding support volume
2 (*crl(t)) = (t, %0 () - (dv, o' () = (£ A dv, %01 (2)). (4.58)

Discrete constitutive equations. In the continuous case, the first Piola-Kirchhoff stress
is conjugate to deformation gradient and

ov
P=_"— 4.59
s (459)
where W is the free energy density. Discrete specific entropy N is defined on support volumes
and in the absence of heat sources and fluxes, the entropy production inequality on an
internal support volume reads

d
LN oT0) > 0. (4.60)
Thus p p
2 (0x0l (1)) < e xal(t)) = (€A dv, xo! (2)). (4.61)
Assuming locality, i.e. assuming that (1, xo1(t)) = ¢ (((IF,0')) and using a Coleman-Noll

argument we obtain

)
OF (o)

Note that, in general, constitutive equations may be nonlocal, i.e. traction may depend on
discrete strains on several neighboring 1-cells.

(t,x0' (1)) = (¥, %01 (t)). (4.62)

4.3 Discrete Compatibility Equations

The Laplace-deRham operator is defined by A = dé+dd : Q5(K) — Q(K). For a harmonic
form a, Aa = 0. Space of harmonic p-forms is denoted by KP = {a € Q§| Aa = 0}.
Compatibility means that given IF, would it be possible to find ¢ such that F = dp?
Because strain is R? (or R?) -valued, we can use the standard discrete Hodge decomposition
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theorem, which says that [1]
Qb =dob ! @6 @ K*. (4.63)
The pth cohomology group of K is defined as
H?(K) = ker(d?) /range(d”™1). (4.64)
It is known that K? and HP are isomorphic [I]. Note also that a form 3 is harmonic if and

only if d3 =0 and 63 = 0. If IF = d¢ then obviously dIF' = 0. Now suppose dIF = 0, then
because

F=dy+da+p (4.65)
we have
de = déa = 0. (4.66)
But then this implies
(0, da) = (a,dda) =0 (4.67)

and hence da = 0, i.e. IF = dp + 8. Therefore, dIFF = 0 would guarantee the existence of a
deformation mapping up to the form 3. These compatibility equations can be written as

(dIF,0?) = (F,00%) =0 Vo?cK. (4.68)
Or
Y (Fo')=0 Vo'eK. (4.69)
ol<o2

We know that as a result of de Rham’s Theorem [30], H? and H,, are dual of each other
and hence dim H, = dim H?. Note that dim H,, is the number of (p—1)-dimensional holes in
K. For 2D problems, this is equal to h = dim H' = dim K'. One can guarantee that 3 =0
if the following 2h extra conditions are enforced. Denoting the ith hole by H; (H; C 0K),
the extra equations are

Y (F.oy=0 i=1,..h (4.70)
a'1<7'(7‘,

We call (4.69)) the first compatibility equations and (4.70) the second compatibility
equations.

4.4 Number of Equations and Unknowns

Let us see if in this discrete theory the number of unknowns and the number of equations are
equal. In a 2D simplicial complex K, let us denote the number of zero and one boundary cells
by #0y, and #0},, respectively. Note that #0), = #0},. Assume that m < #oQ, boundary
0-cells are fixed. As was mentioned earlier, fixing a boundary 0-cell ¢°, the corresponding
body force covector on *¢° becomes an unknown.

In 2D, unknowns are displacements (velocities), stresses and body forces. Thus

#velocities = 2 #0° —2m (4.71)

2 # ot (4.72)
2m (4.73)

#£stresses

#unknown body forces

Governing equations are balance of linear and angular momenta, constitutive equations and
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boundary equations (conditions). Thus™!

#balance of linear momentum equations = 2 # % o° (4.74)
#balance of angular momentum equations = o’ (4.75)
#constitutive equations = o' (4.76)

Noting that # 0% = #0° and # « 0! = #0', we see that the number of unknowns and
equations are equal. [

If we formulate the problem in terms of strains, then the number of unknowns is 2 #o' +
2 #x0l,i.e. there are 2(#0! —#0°) extra unknowns. The number of compatibility equations
is 2(#02 — 1) 4+ 2h. Euler’s equation for planar graphs with h holes reads

#o? — 14+ h =#o! — #0°. (4.77)

Therefore, it is seen that the number of compatibility equations are exactly equal to the
number of extra unknowns. [

Summary of Discrete Quantities. The following table summarizes the discrete fields
of our theory and their types.

Quantity Symbol Type
velocity v vector-valued 0-form
displacement u vector-valued 0-form
strain IF vector-valued 1-form
mass density P dual p-form
internal energy density e support volume-form
specific entropy N support volume-form
heat flux h dual (p — 1)-form
heat supply r dual p-form
stress t covector-valued (p — 1)-form
body force b covector-valued dual p-form
K

kinetic energy density dual p-form

4.5 A Discrete Cosserat Elasticity

In the case of a discrete Cosserat solid, in addition to a discrete deformation mapping a
(time-dependent) rotation is associated with each primal O-cell, i.e. kinematics is defined
by the pair (p:(0%),9:(c?)). In addition to discrete stress, we postulate the existence of a
discrete couple stress m that associates a couple to each dual (p — 1)-cell. Rotation velocity

is defined as J
~ 0 _ v
@,0°() =

For the sake of simplicity, let us ignore the rotational inertia. We also assume that there
is a discrete field of body couples €. The new terms in balance of energy are the power of

() = 94 (c°). (4.78)

'Note that we do not need to worry about the number of boundary equations as they are already included
in (4.74) and (4.75.)
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discrete couple stresses and body couples, which read

Z [e(x0", x0%) m(x0' (1)) + e(x0", %0 )r(x0?, x0") x t(xa' ()] - V(a(t))

*ole U
+ Y {pxa (1) (e, x0%()), (V,0°(1))) (4.79)
*xo0€ +U
where r(x0%,x0!) is the vector connecting ¢¥ to the point o} (*o}. Under a rigid transla-

tion, rotation velocities remain unchanged and hence balance of linear momentum still has
the form (4.42)) and (4.44). Under a rigid rotation, rotation velocities have the following
transformation

V' (a%(t)) = v(a°(t)) + a(t). (4.80)

At time t = ¢
V'(ao(t)) = V(Uo(t)) + a, (4.81)

where « is an arbitrary constant. Assuming invariance of energy balance and using balance
of linear momentum, for each internal dual cell we obtain

D e(xot,x00) [m(xo’ (1) + r(x0”, x0") x t(xa (1))

+ (p, %" (1)) (e, *xc"(t)) = 0 vV xo? € xK. (4.82)

Note that in this case, traction on dual p-cells are not necessarily along the corresponding
primal 1-cells. Note also that balances of linear and angular momenta for boundary dual
cells have the same forms as those of the internal dual cells.

4.6 A Geometric Formulation of Linear Elasticity

In this section, we study the geometric structure of discrete linearized elasticity. There have
been previous efforts in the literature in formulating consistent discrete theories of elasticity.
As was mentioned earlier, an example is the so-called “cell method”, which is a numerical
method that aims to formulate discrete problems ab-initio, i.e., without any reference to the
corresponding continuum formulations. Cosmi [10], Ferretti [14], and Pani [31] extended
Tonti’s idea [38] for linear elasticity and defined the displacements on primal zero-cells and
assumed that deformation is homogeneous within each primal two-cell (for a 2D elasticity
problem). Then they associated a strain tensor to each primal two-cell. In other words,
they enter a continuous elasticity quantity into the discrete formulation. In this sense, cell
method cannot be considered as a geometric discretization of linearized elasticity. With
the uniform strain in each primal two-cell, they assumed a uniform stress in each primal
two-cell. This is again a direct use of a continuous concept and makes the method not a
geometric discretization. In other words, this immediately contradicts the original idea of
the cell method. The only geometric idea in the cell method is in writing the equilibrium
equations on dual two cells.

Let us consider a discretized solid K and identify it with its representing complex K.
Strain e is an RP-valued primal 1-form defined as follows. Discrete strain associates to each
primal 1-cell the difference between displacements at its boundary points. If o! = [09, 0'19],
then!?

(e,0") = (u,0)) — (u,0?). (4.83)

12Note that @ = IF — I, where I is the identity map.
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Stress t is an RP-valued dual (p — 1)-form. The discretized body is under a field of body
forces, which is a discrete RP-valued dual p-form b and mass density is a discrete dual p-form
p. Instead of looking at deformation as a mapping between the undeformed and current
complexes, we define a displacement field u on K (reference and current configurations are
not distinguishable in this case). In the discrete case, the main difference between linear and
nonlinear elasticity is in the constitutive equations. A discrete Hodge star operator relates
discrete primal forms to discrete dual forms. This should explicitly depend on both metric
properties of the ambient space and also material properties of the given medium. Let us
denote the discrete material Hodge star operator of linear elasticity by *gp. Thus

xp: Ve QH(K) - Ve P 1(«xK), (4.84)

where V is a linear space (in this case V = RP). Therefore, given a discrete strain field we
have

Or

(t,xc') = *p Z (e,0') V xot € +K, (4.86)

oleZ(*xol)

where Z(xo!) is a subset of K whose 1-cells influence the stress at xo'. Note that, in general,
xp could be a nonlocal operator, i.e., stress on a dual p-cell may depend on strains in a fairly
large domain. Note also that one may have Z(xo!) = K1),

In a discrete problem with a three-dimensional ambient space, the coboundary operator
can be uniquely specific by three incidence matrices that we denote by My, M, and M,
[3; 45 5]. The matrix My is an #o! x #0° matrix with entries 0,1 or —1, as defined below.

0 ifo? 4o,
My(c',0%) =< 1 ifo® <ol and o' = [0, 0"], (4.87)

-1 ifo® <ot and ot = [0, 0],

for some zero-simplex ¢’. The matrix M; is an #0? x #o! matrix with entries 0,1 or —1,
as defined below.

0 ifo! 402,
Mi(c%,0') =< 1 if o' <2 and orientation(o') = orientation(c'; 0?), (4.88)
—1 if o! < 02 and orientation(c') = —orientation(a'; 0?),

where orientation(o';0?) is the orientation of ¢! induced from o2. My is a #0° x #0?

matrix with entries 0,1 or —1 and is defined similarly to M. The fact that coboundary of
coboundary is null implies that [3; [4]

MM, =0, M,M; = 0. (4.89)

In 2D ) . ) )
M, € R#7 *#o M, € R#7 X#7 (4.90)

Similar matrices can be defined for dual cells and are denoted by ﬁo, Ml, and Mg. Again
in 2D . ) . . )
M, € R#*7 *#x0" M, ¢ R#*o X#*o (4.91)

We can write the discrete governing equations using these matrices. Let us first write balance
of linear momentum. We define a discrete stress matrix T, which is a #xo! x p (p =2 or
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3) matrix. Each row is the covector associated to the corresponding dual (p — 1)-cell. We
can similarly define discrete body force and acceleration matrices B and A. Each row of B
is a covector of body force on a dual p-cell multiplied by the mass density of the same dual
p-cell. Balance of linear momentum in 3D in matrix form reads

M,T + B = A. (4.92)

And in 2D .
M;T+B=A. (4.93)

Balance of angular momentum says that each traction is parallel to the corresponding (de-
formed) primal 1-cell. This means that there is a constraint on each row of T and these
are the #o0! angular momentum balance equations. Let us denote by n; the unit vector in
the direction of the deformed 1-simplex o} (t). Balance of angular momentum for o} (t) is
written as T; - n; = 0. Define a matrix of unit vectors N such that the ith column of N is

n;. Balance of angular momentum in matrix form reads
TN = 0. (4.94)

Note that N is metric dependent.
If U is the matrix of displacements we can define a matrix of discrete strains by E =
M,U. Discrete elasticity Hodge operator has the following matrix representation

T = AE. (4.95)
The ith row of T has the following form (summation on j)

where E; is the jth row of the discrete strain and A;; are some matrices. Therefore, A is
a #0' x #o' matric of p x p submatrices. This reminds us of the so-called global stiffness
matrix in structural mechanics.

Compatibility equations can also be written in matrix form as follows. The first com-
patibility equations de = 0 are written as'®

M, E = 0. (4.97)

Note that if discrete strains are compatible, i.e. if E = MU then the first compatibility
equations are trivially satisfied because MiE = M;MU = 0.4 Second compatibility
equations correspond to the h holes H;, i = 1,..., h. Orienting the h holes arbitrarily, one
can define a hole incidence matrix H as follows

0 if 0’1 7< Hi,
H(i,o') =< 1 if o' < H; and orientation(c') = orientation(c'; H;), (4.98)
—1 if o' < H; and orientation(o') = —orientation(a'; H;),

Then, the second compatibility equations are written as'®

HE = 0. (4.99)

3Note that de = d(IF + I) = 0.
M This was realized in the literature of structural mechanics in [32].
15 Again note that because @ = IF' 4 I, the second compatibility equations of @ are identical to those of F.
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Matrix compatibility equations can be compactly written as

CE =0, (4.100)

C= < 1\&1 ) : (4.101)

is the compatibility matrix. Note that in this theory the only metric-dependent matrices
are A and N; all the other matrices are topological.

where

Remark. If a boundary point is fixed (essential boundary condition) the corresponding
displacement is given but the body force would be an unknown.

5 Conclusions

In this paper, we presented a geometric discrete elasticity theory for discretized solids em-
bedded in Euclidean space. We built this theory using ideas from algebraic topology, exterior
calculus and the recent developments of discrete exterior calculus. We reviewed geometric
developments in the continuous case (and also presented some new results) and compared
with previous works on geometric discretization of Maxwell’s equations.

Our discrete elasticity theory does not use any continuum concept. Instead, we start
by postulating the existence of some discrete differential forms and discrete vector-valued
differential forms as discrete fields defined on a triangulated domain. Similar to discrete
electromagnetism, kinematical quantities are defined on a primal complex while kinetic
quantities are defined on a dual complex. The main difference between our discrete elasticity
theory and discrete electromagnetism is the appearance of some discrete vector and covector-
valued differential forms as discrete fields.

Instead of heuristically discretizing the governing field equations of elasticity written in
terms of bundle-valued differential forms, we started from a balance of energy. It is seen
that there are subtleties in writing balance of energy compared to the continuous case. For
example, in a 2D problem, power of tractions is written on a layer of boundary dual 2-cells
with a nonzero 2-volume. Postulating invariance of energy balance under time-dependent
rigid translations and rotations of the Euclidean ambient space, we obtained discrete conser-
vation of mass and discrete balance of linear and angular momenta. Finally, we wrote these
balance laws on single dual cells (discrete localization). Using the discrete Hodge decom-
position theorem, we obtained the discrete compatibility equations for a discrete 2D body
with h holes. We studied a discrete Cosserat elasticity and obtained its discrete governing
equations. We also formulated a discrete linearized elasticity and wrote its governing equa-
tions in a matrix form. Topological and metric-dependent equations are clearly separated
in the discrete theory.
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