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Abstract

The motion of cilia and flagella under internal stresses has been widely studied
over the past years as a way of relating the biology of these structures and the
functions they perform. While the mechanism which leads to the ciliary mo-
tion is fairly well understood, its method of activation and coordination is still
essentially unknown. In this paper, we present a geometric approach to mod-
eling ciliary dynamics which suggests that the motion of a free flowing cilium
can be completely described by its shape. We then introduce the numerical
method of least squares piecewise polynomial projections as a potential tool
for solving the systems of partial differential equations in the ciliary dynamics
models. It is concluded that although stability issues arise, with some adjust-
ments, the method could potentially be employed with success: it is possible to
create computer simulations of the motion predicted by this geometric model

and the results are expected to provide a good match for the biological data.
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1 Introduction

(Cilia are slender motile organelles found in eukaryotic cells, from protozoans to
mammals and even some plants. In humans they are present for example in the
cells lining the trachea, and help sweep foreign particles away from the lungs.
Structurally, cilia are essentially identical to flagella, differing only in length
and sometimes in the function they perform. While cilia can be locomotive or
sensory organelles, the flagella’s function is primarily locomotion.

The internal structure of the cilium, seen in cross section, consists of a
central pair of microtubules with 9 outer doublet microtubules disposed in a

circle [6], as shown in Figure 1.

Figure 1: Cross section of a cilium [7] displaying the arrangement of the 9 doublet
microtubules and the central pair. The dynein is represented by dots connecting
the doublets



Adjacent microtubules are bound through axonemal dynein, a motor pro-
tein that facilitates the transversal shearing of the doublets against each other.
When the dynein gets activated, it “walks” along the microtubules causing
them to slide. However, in order to permit the back and forth motion, it
is necessary that the activation and inactivation of the dynein molecules be
coordinated on diametrally opposite sides.

Radial spokes are present as part of a linkage mechanism connecting the
central pair to the outer doublets. One of the roles that the spokes play is to
hold the microtubules in place so that the sliding can only be done longitu-
dinally, imposing a constraint on the range of motion. Although it has been
found from experimental data that the composition of the spokes determine
the ciliary beating pattern, there is not much information available about the
action of these proteic structures [5]. What is known is that the longitudinal
shearing leads to the bending of the cilium and thus to the characteristic beat.

Even though the mechanism of ciliary motion is generally agreed upon and
has been widely studied, the coordination in the activation and deactivation
of the dynein that leads to the bending of the organelle is still far from being
understood. One difficulty is that the motion itself differs from one organism to
another. For instance, in the human tracheal lining cells, the beat is planar, but
in paramecia or in trypanosoma, the movement is effectively three-dimensional.
The manner in which the dynein arms are activated and deactivated to lead
to specific beats constitutes a challenge in modeling ciliary dynamics, which
we approach in the present work.

The rest of the paper is structured as follows: in Section 2 we describe the

mathematical model, as developed in [7], imposing the necessary biological and



physical constraints. The key observation in this model is the coupling of shear
strain and bending, which implies that the shape of the cilium can be found by
a basic integration of the strain function. In order to solve the equations that
arise and to perform the required integration, in Section 3 we introduce the
numerical method of finding solutions to partial differential equations through
finite element least squares projections into piecewise polynomial spaces. We
study the benefits and constraints of this method by employing it to solve
well understood equations, such as the heat flow, which leads to questions of
stability and projection degrees of freedom. In Section 4, we show how the
piecewise polynomial method can be employed to create numerical simulations
of the motion of cilia and flagella under internal stresses. We conclude that
while there are still important stability issues to be resolved, the method is
conceptually well suited for solving large partial differential equation systems
and thus may be employed successfully to obtain computer simulations of

mathematical models of ciliary geometry.

2 The Geometric Model

In this section, we outline the model described in [7] following the original
notation. It is known that despite the various bending patterns corresponding
to different species, all cilia obey the same set of biological constraints: they
are inextensible, incompressible in all directions, and the shear strain is only
exhibited along the filaments|7]. Phrased differently, the length and width of
the organelle are not changed through bending, and the strain manifests itself

only longitudinally.



2.1 Metric Relations in the Ciliary Material

Assume initially that the cilium is made out of an incompressible, inextensible
“ciliary material” whose particles move in a coordinate system (x', 2% z3).

Then the change of position of a particle along the direction 2? is described by

where V is the velocity vector and V? is its component in the direction z¢. In
the two dimensional case, the distance between two particles, defined using

the Einstein convention, follows the relation:

ds® = g;;dx'dax’ . (1)

Here g;; is the metric tensor, a generalization of the concept of distance on a
manifold, and ds, known as the line element, expresses the said distance. The
Einstein convention is simply a shortened method of notation, which states
that if an index appears twice in a single term, it stands for the summation
over all indices.

In very general terms, the metric tensor is a symmetric matrix whose entries
measure distances in a coordinate system of arbitrary dimensions. Its compo-
nents can be seen as multiplication constants in the generalized Pythagorean
theorem. In other words, the notation in equation (1) stands for the statement
that

ds® = gid(z')? 4 2g10datda® + gopd(x?)?.

For instance, in the Euclidean geometry on a plane, the metric tensor has the



form

which implies that

ds? = dz* + dy?,

or, equivalently,

B
5 = / v/ dx? + dy?,

the known formula for calculating arc length.

The off-diagonal symmetry of the matrix g comes from the fact that in any
coordinate system, the distance from a point a to a point S should always
equal the distance from £ to a.

Returning to the ciliary geometry, instead of viewing the displacement as
a change in coordinates, let every point preserve its coordinates and let the
coordinate system itself be displaced. Then the metric in this coordinate
system will change in time, at a rate given by the Lie derivative of the metric
tensor g:

89jk

ot = £vg(aj7ak) =V +9([8ja V], Ok) + g(aj, [0k, V) (2)

To show how equation (2) can be used to compute the metric, we provide an

example that is also described in [7]. Consider a planar motion due to a flow
V =yS0,,

where S is a constant shear strain and the coordinate system begins as carte-
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sian coordinates x and y. Then at any time ¢, g can be represented by its

Lie-Taylor series as follows
t? t3
9(t) = 9(0) +tL.9(0) + 5;L0L0g(0) + 5 LoLuLg(0) + ..

where

By the definition of V, [0,, V] = 0 and [0, V] = S0,. Thus

0 S
L£,9(0) =
S 0
Furthermore,
0 0
L£,L,9(0) = 7
0 S?
and
0 0
L,L,L,q9(0) =
0 0

Then the Taylor series terminates and we have that

10 0 St 0 0 1 St
9(t) = + + =
0 1 St 0 0 S%t? St S*t?+1
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So at time ¢t = 1, the metric tensor g is

1 S
S 1+ 62

g:

This expression allows us to calculate distances using the generalized Pythagorean
theorem. Suppose the displacement is from (0,0) to (1,1), as in Figure 2.

Then it is easy to see that the Euclidean distance between the points is

/(S +1)2+ 1. Using the metric tensor,

ds® = gndz + 2g12dudy + good,,
=1-1+4+2-S-1-14+(1+5%)-1
=582 +25+2

= (V(S+1)2+1)

y
/ / /
/ / /
/ / /
S (01, , /(1,1
7 7 bod
/ / /
/ / /
/ / /
/ / /
1 / / /
/ / /
/ /' /
/ / /
/ / /
(O’O)/ / / >X

Figure 2: In this skew coordinate system [7], the metric tensor provides a way to
calculate Euclidean distances that is equivalent to the Pythagorean theorem result
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Note that since the z direction is chosen to be the direction along the filament,

if there is no displacement dy, then

ds® = gnd; = d3, (3)

so g11 has to equal 1 if the filament is inextensible.
The three dimensional generalization, also described in [7], depends on two com-
ponents of the shear strain, the longitudinal strain S and the normal strain, 7. In

this case, through a similar derivation as in the two-dimensional system,

1 S T

g S 1+82 ST : (4)

T ST 14172

To the metric g we associate an orthonormal frame (e, e2, eg) described by

el = 835 (5)
ey = 0y — S0, (6)

The notation (eq,eq,e3) will play a dual role, representing both a set of or-
thonormal vectors for a given filament and a set of vector fields whose components
create orthonormal triplets for each filament. The meaning should be clear from the
context and should not lead to any ambiguity.

As a vector field, ey is the field of unit vectors following the direction tangent to
a filament. Then if y and z represent the direction of motion of adjacent filaments,
e2 and eg are orthogonal to e;.

The rate of change of es and ez along the tangent to the filament are given by
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the Lie brackets (the “directional derivatives in the direction of e;”):

Ogea = le1, e2] = —Syze1 (8)

Ozes = [e1,e3] = —Tyeq 9)
Then, by the Frenet equations, the curvature vector is
kN = 0,61 = Syeq + T.e3,

where N is the unit normal and, by finding the norm in the expression above,

k=1/S2+T2 (10)

The binormal is defined as

€1 €2 €3
e3S; — exT)

so the torsion is obtained by computing the dot product of the rate of change of the

normal in the direction of the filament and the binormal:

T = [61,]\7] . B
. (S:mc€2 - 5'%61 + Tyzes — Tgel) (€3596 - 62T1>

K K
=

K

To obtain an intuition about the geometry, it may be more useful to convert

the Frenet description into a description that is closely related to the properties of
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the cilium. From the expressions for curvature and torsion, through a convenient

parametrization, we have:

Sy = Kcos @
T, =Kksing
Q=T

The angle ¢, whose rate of change gives the torsion, is the “twisting angle”.
The fact that ¢ is so loosely defined is not unintentional, but a result of an essential
property of the (e, €9, e3) system: while N and T have clearly determined directions
in space, all that is required for es and es is that they be perpendicular to e;, which
leads to the conclusion that their directions are only determined up to a rotation
about e;.

If the filament shape is parameterized by a space curve ﬁ(m), then
ﬁ$ = €1
Also, substituting the expressions for S; and T}, into equations (8)-(9)

Op€o = —K COS Peq

Ope3 = —Ksin ¢gej.
Thus, the geometry of the filament is described by the following set of equations

ﬁx = €1 (11)
Oge1 = K cos ¢ea + K sin des (12)

Oreo = —K COS ¢eq (13)



Ore3 = —ksin geq (14)

Gp =T (15)

2.2 Ciliary Flow and Dynamics

We now introduce the ciliary flow, as described in [7]. Let V be the flow of the
ciliary material obeying the biological constraints. Then, by the definition of the

ciliary flow, V' must preserve the form of g from equation (4). Let V be defined as

V = ad, + B0, + 70-.

By equations (5)-(7), it results that

V = ae; + B(e2 + Ser) + y(es + Tel) (16)

= (a+ S +~T)e1 + PBea + ves (17)

In order to satisfy the inextensibility assumption, the metric tensor g must fulfill
the condition g1; = 1 at all times, as it has been shown to happen in equation (3)

for a particular example. Therefore, from equation (2), since g1 is constant,

6t911 = »CVg(ala 81) =Vgu + g([aﬂm V]v aét) + g(aﬂm [aﬂﬁa V]) = 0.

so it is necessary to impose the condition

29([6:1:» V]a ax) = 29(041896 + ﬁxay + 'Yvaaa:Jc) = 2(0490 + Sﬁm + T’Vm) =0 (18)
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Other conditions required by the fact that V preserves g are derived in appendix A:

0= 625 (19)
0 =e3y (20)
0=-eyy+esf (21)

Furthermore, in spite of the unusual coordinates, the space we are describing is
still the Euclidean space (at any moment in time, the distances between points are
Euclidean distances). Thus, the space must maintain zero Riemannian curvature.
As proved in [7] using equation (21), in order for the Riemannian curvature to

vanish, it is necessary to have

Otlea, e3] = [Orea, e3] + [e2, Oses), (22)

and this equality leads to

(62'7):v - Ba:Tw + ’szz =0 (23)

Given that g preserves its form under the flow V', the rates of change of the

strains S and 7" imposing equations ( 18)-(22) are found in [7] to be

Sy = 0rg12 = (a+ BS +~T)Sy + Bo + eaa + 2T (24)

T, = 0rg13 = (a0 + BS +~T) Ty + vz + €30 — €27YS. (25)

The terms eoar and eza represent reptation, a rigid sliding of filaments longitu-

dinally along their lengths. We ignore these possibilities for now and consider the
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somewhat simplified expressions

St = Org12 = (. + BS +T) Sy + Be + eanT (26)

T, = Og13 = (a4 BS +4T) Ty + vz — €27S (27)

2.3 Phenomenological Energy and Interior Forces

Suppose the cilium has length L. Then the energy E of a filament with a given
shape is defined as the sum of the shear energy and the bending energy for that
shape. As a physical concept, the bending energy of a smooth parameterized curve
is defined as the integral with respect to arc length of the curvature squared. Thus,

the bending energy Ep is, by definition
L
Ep— / (S2 + T2)2da. (28)
0

The shear energy, Eg, is the energy obtained due to the shearing of the filaments
and is defined as

L
o /0 (S = F)2 + (T — G)?)da, (29)

where F' and G are strains that would minimize the shear energy at a fixed time
if attained as values for S and T respectively. The fact that Fg is defined using
quadratic terms in S and T reflects the observation that Fg depends on the amount
of shearing, but not on the direction of the shear itself.

If 1 is the shear modulus (the rigidity) of the ciliary material and k. is the
bending modulus, then the expression for total energy is

E = g/OL((S—F)2+(T—G)2)dx+I;C/(]L(S§+T§)da: (30)
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The variational derivatives of this energy with respect to the shear components

S and T give the internal stresses ® and ¥ (see Appendix B):

oF
q):i: —F— cDrr
59 w(S ) — KeS
oF
= — =u(T — — KTy
5T :U'< G) Red zax

The internal stresses ® and ¥ associated with S and T are changes in the
bending energy of the cilium. These are functions of position measured in units
of force and can be determined at a fixed point in time using the equations of
continuum mechanics.

Equations (18) and (23) impose inextensibility constraints. To find stresses

conjugate to the shear strain, we use the Lagrange multipliers A and v. Thus, from

(7],
L L
E =F + / )\(Oéx + Sﬁx + T’Vm)dl' + / V((€2’7)x - xﬂm + Sxfyz)dx
0 0

One can find the interior forces on the cilium by taking the variational derivative of
E’ with respect to «, 3, and « [7].

The cilium also experiences exterior forces, which are due to the action of the
fluid in which it is immersed. The dissipation function corresponding to those forces

is defined by Gueron and Liron [3] as
L
C C Cu
D= [ (et o572+ G 497+ Fler?) o
0

where Cy, Cp and C,, are material constants that represent resistance coefficients.
Let w be defined as

w(x) = eaA(x),
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where w represents the angular velocity, the rate at which eo moves towards eg.

Then the equilibrium condition that interior and exterior forces are equal leads

to the following system:

Cr(a+ pS +T) = —0S, — VT, + A\, (31)
CnB =Py +ASy — (VTy)s (32)
Cny =Dy + AN + (vS2)2 (33)
Cow =1y —OT +US (34)
After some calculations [7], it is possible to find the equations for A and v
C C C
Aoz = L 12X+ (DS + UTh)g + =2 (Sp®y + ToVy) + —— 7Ky (35)
Cn Cn Cn
Cu
Vgg = ((I)T - \IIS)QT - Ci(sxq]xx - qu)a:m + )‘7-52 + T$(VTI>CUx + Si(VSx)am) (36)
N
So the complete system describing ciliary motion is:
Cr(a+ pS+T) = —-2S5, — VT, + X\,
CNﬁ = (I):L’ + ASZ‘ - (’/Tz)ac
CN’)/ = (I)z + /\Ta7 + (I/Sz)z
Cpeoy=v, — 9T+ US
St = Ogr12 = (a+ BS +79T)Sy + B + 27T
Ty = Og13 = (a4 BS + 1) Ty + vz — e2vS
Cn Cn Cn

Co

Ve = (®T — WS), — C—N(sxxpm — Ty @y + AE2 4+ T (VD)o + Sz (VSe) e

k=1/S2+T2
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The most important fact to be noted about this model is that it can reconstruct
the motion of the filament at any moment in time using only the expressions for S
and T, without any assumption about the shape of the cilium. Thus, shear strain
determines bending and no additional assumptions are needed.

In the following sections, we will continue to explore this idea in order to create
a numerical simulation of the mathematical model. However, before proceeding, it

may be useful to perform one final analytic check on the net force physical constraint.

2.4 The Net Force Condition

Since the cilium cannot exert a net force on itself, it is important to verify that
all three cartesian components of the net force will give 0 by integration. This fact
has, in fact, been used to determine equations (31) -(34), but the proof may not
be obvious from the equations in the model. The calculation is particularly useful
because it can also be performed as a check of the numerical method and hence
can be used to find errors in programming when the equations are solved using a
numerical package such as Matlab.

One should note that this equation of motion is only valid for a cilium that swims
freely and is not attached to another body at any of its two ends. If an attachment
exists, then it is possible for the cilium to exert a net force on the fluid, which is,
for example, the case in the human airway cilia [4]. In this situation, the capacity
to exert a net force is in fact the primary mechanism which allows these organelles
to perform their function. If there is no attachment, then the shape of the cilium
alone determines motion within the fluid. This situation is compatible with the idea
that the geometry of the cilium is sufficient to provide an accurate description of its
translation and rotation within a fluid.

We proceed by performing the analytic check that the net force integrates to 0.
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To obtain the three cartesian components, denoted by Fy, F» and F3, let ey, egg
and egy represent the projections of the vectors e1, es and es along the x direction
for k = 1, the y direction for k£ = 2 and the z direction for k = 3 respectively. The

following relations are known:

Sy = (a+ 8BS +~T)Sy + By + e2av + T
Cr(a+BS+9T) = —0S; — VT, + Ay
CnpB =Py + NSy — (VTy)s

Cny =Yy + ATy + (vS2)s

Op€o = —K COS ¢eq

Oye3 = —Ksin ¢gey.

We impose the boundary conditions

where L is the length of a filament. These conditions are direct consequences of the
laws of Newtonian mechanics. For example, A, which represents tension, must be
zero at the endpoints because there is no pulling on the ends of the cilium.

The force F' is defined as:

F= (=95, — VT, + \z)e1 + (Py + NSy — (WT)z) €2 + (Vy + AT, + (vS2)2) €3
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so for k € {1,2,3},

L L L
/ Frdx = / (=PS, — VT, + \;) eypde —l—/ (Py + Sy — (V1)) eapdx
0 0 0
L
+ / (U + AT, + (vSy)z) espdex.
0
L
= / (—(I)SI — \I/Tm) eix + Preor + Vyesgpdr
0
L L
+ / Azeik + ASzeor + N espdx + / —(WTy)zeor + (VSz)zespdr
0 0

It is straightforward to show that each of the three integrals in the sum equals 0

with the appropriate boundary conditions.

L
(—(I)Sz — \I/Tx) el + (I)megk + \I’megkdél?

S~

L
/ (—Prcosp — Uk sin @) ey, + Ppeop + Vyespdr
0
L
= / Peoky + Veok, + Poeor + Vaegpd
0

L L

:/ (@egk)zdx—l—/ (\I/egk)mdx
0 0

L

+ \P€3k’
0

L
=0
0

= (I)egk

L
Az€ik + ASzeor + N1 espdx

S~

L
= / Az€1k + Ak COS ¢ear, + Ak sin pegrdx
0

L
:/ Azeir + Aeigdx
0

L
= / (Ne1g)dx
0

L
=0
0

= )\elk
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L
/ _(VTz)acer + (VS;B):veiﬂcdx
0

L
:/ —(vksin @) zeqr + (VK cos @) zesidr
0

L
= —vK sin ¢esy,

L
+ / VK sin gegy, dx
0

0

L L
— / VK COs pesk, dx
0

+ VK cos ¢esy,

0

L
:/ VK sin gegr, dx + VK cos ¢es, dx
0

L
:/ VK sin ¢(—k cos ey )dx + vk cos ¢(—k sin eq, ) dx
0

0

Therefore, the integral of the net force is shown to be 0 analytically.

Having performed this final verification, the focus can be now shifted to solving
the equations describing the ciliary motion. These numerical solutions provide a
basis for creating a computer simulation of the motion. In order to calculate them,
we employ the finite element least squares projection method, which is described in

some detail in the next section.

3 Numerical Approximations - Finite Elements

Methods

Finite element methods are numerical algorithms for solving partial differential equa-
tions that require dividing the domain into a finite number of subregions. The goal
is to choose this partition in such a way that it becomes possible to approximate
given functions up to a desired degree of accuracy on each element of the partition
and then to “reconnect” these approximations, subject to some conditions, in order

to provide an approximation over the entire domain. Even though the choice of ap-
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proximation may vary, all finite elements methods follow the same general principle
of dividing the domain and then reconstructing the function [9].

In the least squares finite elements method, the estimation of a function f is done
by finding a new function g such that the L? distance between f and g, in other
words the functional || f = g)?dz , is minimal. Other constraints can be imposed,
such as boundary conditions, continuity constraints, or requiring g to equal f at
some of the points. The primary advantage of the least squares methods is that
they lead to symmetric, positive definite linear systems that are easily solved by
computational packages.

In this work, the approximating function g is required to have the form of a
piecewise polynomial of fixed degree IV, that is, g has to be a piecewise function for
which all pieces are polynomials of degree N for a fixed value of N. This type of
estimation is a particularly important tool in numerical analysis, because the func-
tions it produces have many desirable properties: they can be made continuous and
as “smooth” as necessary (one can require continuity of derivatives up to any order),
they are flexible in terms of imposing boundary conditions, and, most importantly,
they can be easily studied using numerical packages. We proceed by describing the

projection method, as well as the resulting linear system.

3.1 Least Squares Projection into Piecewise Polynomial
Spaces

Let I be a finite interval of the form [a, b] and choose a partition of I with break-
points

a=by<by<by---<bny_1<by=0b. (37)

A function PP : I — R is said to be a piecewise polynomial if it is a polynomial
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on each subinterval U; = [b;j_1, b;].

We define V; to be the space of all piecewise polynomials on the interval I of
degree at most J. Similarly, we define VJO as the subspace of V consisting of func-
tions which are continuous at the interior breakpoints, and VJ1 as the subspace of V})
consisting of functions with continuous first derivatives at the interior breakpoints.

An element of V; has the general form

N J+1

PP(z) =Y xjcijlz —bi—1)" 7, (38)

j=1 i=1

where x; represents the characteristic function of the partition element Uj, and ¢;;,
i = 1...J + 1 are the coefficients of the polynomial piece in the subinterval Uj,
such that cy; is the coefficient corresponding to the leading term and cji1; is the

coefficient corresponding to the constant term. We compute the following limits:

J+1
lim PP(z) = ¢ p(bp — bp_1)? 71 39
lim () ; g (b — br—1) (39)
hmPP(a:) = CJ+1,k+1 (40)
zlby

J
lim PP (z) = J—i+ e p(bp — bp_1)” 7" 41
Lim () ;( )i k(b — br—1) (41)
lim PP'(x) = cjp (42)
xlby

To project a function f into the piecewise polynomial space V}) using the least

squares method, we minimize the expression

by
Fl{cij} A} = ;/b [f(z) — PP())? dx
N-1 ’ J+1 A
+ Z Ak (Z cig(br — br—1)” 7 — CJ—i—Lk—i—l) ,
k=1 =1

where A\g, k = 1,...N—1 are Lagrange multipliers used to enforce the N —1 continuity
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constraints at the breakpoints.

Then the critical point of F' must satisfy the condition:

J+1
— 8i — / icz’é(w _ bg,l)‘]_H_l _ f(:E) (.%' o bg,l)‘]_lﬁ_l dr
Iere  Ju, | =

+ Xe(be = b 1) — N 10k
J+1 }
-3 [ cnte = b = [ @) b d
U, Uy

+ Ae(be — be—1)" T = N1 6k g1
Let f; be defined as

fr = g fla) (@ —be_y)’ " da. (43)

Then

J+1 (by — by_q)27—i=k+3

OF _
Ders > 57— g Gt~ feet delbe— be1)” T = N 1b g (44)
=1

Thus the critical point is obtained by setting the expression in equation (44)

equal to 0. This is equivalent to solving the inhomogeneous linear system:

A B c f
= (45)
BT 0 A 0
where
by — by 2J—i—k+3
Apeij = 5@;'( ¢ —be-1) (46)

2J —i—k+3
ka,j = (5gj(bg — bg_l)J_k—H — (5]{;7J+]_(5£7]’+1 (47)
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The N —1 equations in the second row of equation (45) are the continuity constraints

at the interior breakpoints.

Example 3.1.

Suppose the chosen interval is I = [0, 1] with breakpoints

1
(b07b17b2) = <O7 57 ]-> )

and the degree of the polynomials in the desired space is J = 2. Let the function f
be

f(z) =sinzx.

Then equation (44) becomes

3 .
OF (b = bgy)™F -
O0=5—= i — Aeo(by — by — A1k,
Ocye 2; T—i—k ¢ Sre + Ae(be = bea) 0-10k,3
where
1
fra= / fz) 2> dx.
0
1 1\ 3
fk2:/éf(x)'<$—2> dx.
Thus,

/1 3 1
fi1=sin| = ) + - cos 3 — 2~ 0.15190219

2 4
1 1 1
f21 = sin <2> —3 cos <2> ~ 0.04063426

1
f31=1— cos (2) ~ 0.1224174

7 1
fi2 = 1 cos(1) 4 sin(1) — 2 cos (2> ~ 0.03183490
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1 1\ 1 :
fa2 = sin(1) — cos(1) + COS2( ) _ sin (2> + 5 €08 < COS2(2)
1
f32 = cos <2> — cos(1) = 0.3372803
The following system is obtained:
1 1 1 1
_ Ao - =
Fgp il T a5 ogta Ji1 + 1 0
Lot e+ for t A =0
191 T 35302 T 5755081 — Ja 5~

1 1 1
3 ol T 5 et T e~ far b A=0
1 1 1
5_25612-1-4.240224-3_23632—f12:0
1 1 1
4'246124-3‘230224-2'22632—f22:0
1 1 1
5 912 T 5 gt oo — fa2 — A

with the continuity constraint

1
4 2

or equivalently

5% 301 3 0 0
1 3w gm0 0
gk 3 00
0 0 0 = o
0 0 0 51 39
0 0 0 33 35
i 3 1 0 0

‘ = O @) )

@
I\
w

-

N
|

[N

[Nl N

—_

1
—C11 + =C21 + €31 = C32

C11

C21

C31

C12

C21

C32

~ 0.09189429

fi
fa1
fa1
fa1
f22
f32
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Solving this system provides the values for the ¢ coefficients. We have

c11 ~ —0.1350
co1 ~ 1.0292
c31 ~ —0.0130
c12 ~ —0.3274
co2 ~ 0.8897

c3 =~ 0.4795

To demonstrate the accuracy of this method, in figure 3 we plot the sin function on

[0, 1] together with its piecewise polynomial approximation.

09

0.8
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04a

0.4

0.3

0z

0.1

0.1

0.1

0.z

0.3

o4 05 0B 07 08 09 1

Figure 3: The function sin(z) (cyan) on [0,1] and its piecewise polynomial approxi-
mation on the same interval (blue), obtained by projecting into V;? with one interior

breakpoint at %
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Example 3.2.
Suppose f is already a piecewise polynomial, f € V) for a given M. Then f is

of the form
N M+1

F@) =3 xjdijle —bjop)M (48)

j=1 i=1

From Eq. (43),
M+1 M+J—i—k+3
(be —be_1)
= d; - 49
Tt ; CMtJ—i—k+3 (49)

If M = J then fyy is simply the identity map in V}), since in this case the
polynomials fi, are indeed Agg;;d;j. If M < J, then the projection map is in fact
inclusion: the solution to the linear system gives the same polynomial coefficients,
but a re-indexing of the terms happens due to the increase in degree. In other words,
projecting into a space of higher degree leads to nothing more than a shift in the

list of coefficients and a “padding” with additional zeros.

3.2 Projecting in V}

Requiring the least squares piecewise polynomial projection not only to be con-
tinuous, but also to have a number of continuous derivatives imposes additional
constraints. For instance, one can require the projections to have continuous first
derivatives, which is equivalent to projecting the functions into V}. For this prob-

lem, we minimize the expression

Fl{eib At {me}] = [f(z) = PP(x))* dx

N | =
g\w
2

N-1 J41
J—it1
+ Ak § ik (b — bk—1)""""" = crp1 k1
k=1 =1

J

1

+
> =
Il |
= —
=
ES
VR

(J =i+ D)egp(by — bp—1)” " — CJ,k+1) ,
1
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where A\;, k = 1,...IN — 1 are the Lagrange multipliers enforcing the function con-
tinuity constraints and pui are the Lagrange multipliers enforcing the derivative

continuity. The critical point can be found by solving the equation

OF J+1
_ _ e Joitl _ J—k+1
0= Bers /Ue [; cie(x —bp_1) f(x)] (z —bp—1) dx

+ Xelbe — bo—1)TFE = X168k 1
+ (T =+ 1) (b — be—1)”F = 16y
J+1 '
= Z/ cio(x —bp—q) 2 =ikt 2 g f(x)(x — bg_l)J7k+1 dx
U, Uy
+ Xelbe — bo—1)TF = X168k

+ pe(J = k4 1) (b — be—1)”™F — po—10p,g

Defining f; as in Eq. (43), the expression becomes:

cie — fre + Ne(be = bo—1)”7F = N 18,511

OF B Jil (bé _ b271)2J7i7k+3

dce 2J —i—k+3

+ pae(J =k +1)(be —be—1)” ™% — po_ 167

Hence, the linear system for the VJ1 projection is:

A B C c f
BT 0 0 Al=1]o0 (50)
ct o0 o M 0

with

(bg _ 6671)2J717k+3
2J—1—k+3

Biaj = 00j(be — be—1)” "t — 8y 4100541

Aprij = 0j



32

CMJ = 5@j(J —k+ 1)(()@ — bgfl)‘]fk — 5k,J5£,j+1-

The N — 1 equations in the second row enforce continuity of the function at the
interior breakpoints and the N — 1 equations in the third row enforce continuity of
the first derivative.

In general, the projection into the space V' is analogous to that for the VJ1 pro-
jection, but each additional continuity constraint requires N — 1 additional equation.
Thus, projection in V' entails solving a system of (n + 1)(/N — 1) linear equations.
For our purposes, it will suffice to consider spaces V' with n < 4, since none of the
projections employed will require more than four continuous derivatives.

It is also possible to impose additional constraints, such as boundary conditions
on the function or one of its derivatives. One natural such condition is asking
that the function be held constant at the endpoints. For example, assume that the

boundary constraint is that

PP(by) = PP(by) = 0.

Therefore,

cj+11 =0

J+1 .

> by —byo1)’ T =0,
i=1

so it suffices to append these two new equations to the already existing system to
obtain the required approximation.

The cases where the derivatives are required to be 0 at endpoints can be treated
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in an identical manner.

Example 3.3.

Figure 4 shows the function f(z) = sin(x) projected into V0, Vi, V2 and V}
respectively, with boundary conditions f(0) = f(§) = 0 and 5 breakpoints in the
interval. It is important to note that these conditions are highly unnatural, be-
cause while sin § = 1, the projections are forcing the endpoints to stay fixed at 0.
Therefore, the projections are forced to oscillate about the sin(x) line when they
approach § and, as a result, the approximations close to § are quite inaccurate. The
treatment of the boundary constraint, as well as the inaccuracy of the estimation,

depend on the amount of continuity expected from the piecewise polynomial space.

12 T T T T T T T

0.8

0.6

0.4

7 .

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Figure 4: The function sin(x) projected into the spaces V) (red), V! (blue), V2

(green), and V;? (cyan) on the interval [0, 5] with f(0) = f(5) =0
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Example 3.4.

As demonstrated by figure 4, inappropriate boundary conditions can lead to
poor approximations, because the function is forced to obey unnatural constraints.
This fact is of particular importance in the modeling of ciliary dynamics, because
boundary conditions often appear in the equations that are to be solved to determine
the motion of the organelle.

One other issue to be addressed is that of continuity. It is to be expected that
projecting a discontinuous function into a space of continuous piecewise polynomials
may cause problems with the approximation as it attempts to fit discontinuities. For
instance, let g be the projection of a function f in V}) and consider the derivative of
g. Since continuous differentiability is not required in V}), ¢’ may be discontinuous.
Projecting ¢’ into V}) again is an example of fitting a discontinuous function by a

continuous piecewise polynomial.

0.1 0z 03 04 05 06 07 08 08 1

Figure 5: The repetition of the process of projecting sin(x) into V7, differentiating the
result and then re-projecting it into V3 leads to poor approximations about the breakpoints
and endpoints, as shown by the projection obtained for — cos(z) after three iterations
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In figure 5, the function sin(z) is projected into V5 with 10 equally spaced break-
points on [0,1]. The resulting piecewise polynomial is differentiated (thus producing
an estimation of cos(x)) and the resulting function is then projected back into V.
The process is repeated three times, until an estimation of — cos(z) is obtained.
Even after three iterations, the discontinuity issues become visible at the break-
points. What is more, the endpoints estimation is particularly far from the actual
value.

Repeating the process once more in order to obtain a V30 approximation for
sin(x) shows that iterated projections into unsuitable spaces can be highly irregular

and unpredictable (figure 6).

_DQ 1 1 1 1 1 1 1 1 1
a 0.1 0.2 03 04 05 06 07 0§ 0% 1

Figure 6: If the process of projecting, differentiating and re-projecting is repeated
once more after the estimate for — cos(x) is obtained, then the approximation for
sin(z) that should be obtained is in fact very inaccurate. The approximating piece-
wise polynomial is plotted in blue, and the actual sin function is plotted in red
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It is important to note that throughout this analysis no condition has been put on
the partitioning of the interval [by, by ], although for all the examples the breakpoints
were chosen to be equally spaced. This choice is not arbitrary, but motivated by the
literature on piecewise polynomial least squares projections: in [2], Dubeau proves
that the best least squares piecewise n degree polynomial approximation is obtained
for the uniform partition. Thus, after using this result implicitly, we now establish
the formal rule that, for our approximations, the intervals [by, bx+1] will always be

taken to have constant length %.

3.3 The Heat Equation

Solving a partial differential equation, such as the heat equation, is a useful test

for the least squares projection method. Let u be a function satisfying the equation

Up = Ugps (51)

with initial condition

u(z,0) = sin(7x),

and boundary conditions

u(0,t) =u(l,t) =0

A numerical solution to the equation is based on the approximation

u(z,t + At) ~ u(z, t) + Atug(z,t) = u(x, t) + Atug(x,t). (52)

It is thus possible to “follow” the solution in time, using discrete time points. Pro-
jections into the space of piecewise polynomials are particularly useful in this case,

because they simplify differentiation. At each time ¢, the function w is projected
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into V7 for fixed values of J and n, then the resulting piecewise polynomial is dif-
ferentiated twice with respect to z, multiplied by the size of the time interval and
added to the value of u at t. This algorithm produces u(z,t + At), which can be
used in the next time step. In Figure 7, we show a plot of the solution obtained

through this method.

_02 1 1 1 1 1 1 1 1 1
0 0.1 02 03 04 os oes 07 og 09 1

Figure 7: The solution of the heat equation obtained by following the heat function’s
evolution in time. As expected, the heat tends to equalize along the interval [0,1]

In this case, as in all others, there is no obvious choice for the degree J of the
polynomials in the projection space. Clearly, the polynomials should be at least
quadratics in order to permit two differentiations, but there is no apparent upper
bound on the degree. In fact, since a higher degree gives the system more freedom to
approximate functions, it may be expected that high degree piecewise polynomials
produce the most accurate approximation of the heat equation solution. However,

the numerical simulations show that the opposite is true: projecting into a space of
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a high degree polynomials offers unnecessary freedom that can cause problems with
the estimation. The reason for this apparent paradox lies in the issue described in
example 3.4. If the degree of the space is high, but there are no continuity constraints
imposed on the second derivative, then differentiating u twice as required means that
Uz may be discontinuous. Attempting to fit discontinuities by a continuous function
results in problems that become obvious after the first few iteration. Nevertheless,
if the degree of the projection space is low, then the amount of freedom available

for fitting discontinuities is sufficiently low so as not to permit too much instability.

0 0.1 n2z 03 04 05 06 07 08 08 1

Figure 8: The heat equation solution is highly unstable when the projections are
done in the space V},} and the interval is divided into 10 breakpoints

In figure 7, the projections are done in V217 the space of piecewise polynomials
of degree 2 with continuous first derivatives, for 10 breakpoints chosen to be equally

spaced between 0 and 1. In this case, the solution is stable and exhibits the desired
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decaying behavior. It is even possible to plot the numerical solution at a fixed
time ¢ on the same graph as the solution obtained through analytical methods to
check that the result is accurate and behaves as expected. This outcome is due
to the relatively low degree of V3, which, coupled with the continuity condition
on the first derivative, does not allow for too much freedom to fit discontinuities
in the second derivative. In contrast with the degree 2 case, for the same number
of breakpoints (10 equally spaced breakpoints from 0 to 1), projecting into higher

degree spaces leads to increasing levels of instability, as shown in figure 8. More

IR=N 3 .

arr .

o5t .

0.3

02r -

Figure 9: The heat equation solution becomes stable again when the projections
are done in the space V31, but the interval is divided into only 5 breakpoints

interestingly perhaps, lowering the number of available breakpoints reintroduces
stability even for higher degree projections. As shown in figure 9, if projection in
the space of cubic piecewise polynomials with continuous first derivatives is limited

to only 5 breakpoints, the numerical solution to the heat equation is, again, stable
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and behaves in the usual manner (exhibits uniform decay). Since discontinuities
can only occur at the breakpoints (all the V; spaces contain functions which are at
least piecewise continuous), lowering the number of breakpoints means lowering the
number of points where continuity issues may occur. For this particular example,
dividing the domain into only 5 intervals solves the stability problem.

If the discontinuous second derivative concern disappears (by projection into V}
for suitable values of J), then stability is no longer an issue. The function u is

estimated appropriately for any number of breakpoints and any degree (figure 10).

_D2 1 1 1 1 1 1 1 1 1
0 0.1 02 03 04 o5 o0& 07 0§ 09 1

Figure 10: The heat equation solution with projections in V302, Although the
degree of the polynomials is high, requiring the continuity of the second derivative
resolves the instability

The conclusion that the heat equation solution estimation leads to is that the
number of degrees of freedom available to the system plays a vital role in stability

issues. As a result, we find that it is beneficial to choose the lowest possible value
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for J which still allows the continuity and differentiability conditions to be satisfied,
or, alternatively, to require sufficient continuity and differentiability conditions to

limit the degrees of freedom for a given polynomial order J.

3.4 Solving A, =gA+h

We now focus on providing a method of solving the equation
Apz = gA + h. (53)

This result will prove useful in the calculation of the shear strain, that depends,
among others, on a Lagrange multiplier A described by an equation of the form
above. We restate the problem using the language of the calculus of variations: find

Ace Vf that minimizes
1 9 1 1o
G= i(Ax) + §gA + hA| dz, (54)
T

i.e. find the critical point of G by solving

oG
9o =" (55)

where {cg;} are the coefficients of the piecewise polynomial A and the differential
equation is subject to suitable constraints. Finding the solution to this problem
reduces to solving a linear system similar to that of Eq. (45). In fact, the equations
enforcing the continuity constraints required by the V;-O projection are the same that
coefficient matrix B represents in Eq. (45). The matrix A becomes A = A + A®?)

with
(bg — by ) 7R T —i+ 1) (T -k +1)
2J —i—k+1

ALY =5,

kij = (56)
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ifk<J4+1landi < J+1, and 0 otherwise and

A,(fe)” = 6€j/U (x —b1)?! 7 2g(2) da (57)
2

which is obtained from the moments of the function g. Thus, the linear system to

be solved is

AM 1 A2 B c —h
= (58)

BT 0 A 0

—h is a column vector of the moments —hy; of the function h.

Example 3.5.

We solve the equation with

and boundary conditions

For these conditions, the solution can be easily computed analytically and can be
compared with the numerical solution.

We have

Az) = -+ S (59)

e—e 1’
Figure 11 shows the analytic solution and the variational method solution plotted

on the same graph.
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Figure 11: The analytic and the numerical solution of the equation A,, =
g\ + h. The dotted line represents the analytic solution, while the solid line
is the numerical approximation

Having introduced the method of solving partial differential equations through
piecewise polynomial least squares approximations, we now demonstrate how the

method can be applied to solving the equations of ciliary motion.

4 Two-dimensional Ciliary Motion

Assume initially that the cilium moves only in a plane. This approach reduces the
problem to the two-dimensional case, simplifying the system to be solved. In nature,

planar beats are observed in various protozoans, as well as in Ctenophora [1], so the
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two dimensional problem is not just a simplification, but also the rendition of an

actual biological pattern. In this case, from equation (17), V' has the expression

V = (a+ BS)er + Besy

We rewrite the system of differential equations that describe the motion, ignoring

the terms specific to the third dimension:

Cr(a + BS) = —®S, + A, (61)
CnB =®,+ NS, (62)
CT 2 CT
Txr — o~ Sy 52 P
A CNH A+ ( S)x+CNS (63)
K =Sg (64)

These identities are equations (24), (31), (33), (35), and (10) reduced to the planar

case. The conditions to be followed are

Cr=1
Cy=2
S(z,0) =0

S(0,2) = S(1,2) = 0

®(x) = sin(mwz) cos(27t)

The values chosen for Cp and Cp approximate the constants determined in [8],
the expression for ®(x) represents a “driving term” which forces the motion, the

S(z,0) = 0 condition comes from the assumption that the cilium has no stresses at
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the initial time and the S(0,x) = S(1,z) = 0 expression represents the condition
that the stress should vanish at the endpoints.

To solve these equations numerically, it suffices to project the functions into
the space of piecewise polynomials with appropriate continuity conditions and “fol-
low” the evolution of these projections at discrete points in time, as with the heat
equation.

After some straightforward manipulations, the system becomes

S, = S, 65

t Cr + Cn (65)

Aoz = ﬁsgx +®,5, (1+ Cr + ®S,, (66)
CN CN

In spite of the multitude of terms involved, solving these equations does not require
any different techniques than those used in the piecewise polynomial projection
examples. In fact, the second equation is essentially of the form A,, = gA\+h, which
has already been solved in section 3.4. Solving this equation at a fixed point ¢ in
time provides the A\ value at ¢, which can then be used to find the solution to the
first equation. In figure 12, we show the estimated evolution of the filament shape
as time progresses.

Although the filament moves in a pattern that resembles the experimental data,
after a few time steps it becomes clear that the solution does not in fact behave as
expected, because the inextensibility constraint is violated: the length of the cilium,
assumed to be 1 initially, increases as time passes. One potential reason for this
issue may be related to the instability that was also observed when solving the heat
equation. It has been shown in section 3.3 that the piecewise polynomial projection
can behave unexpectedly for unsuitable choices of the degree, set of breakpoints or
continuity requirements. When the projections are iterated, as it happens in the

algorithm that produces figure 12, the method can be particularly sensitive to such
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Figure 12: The filament begins as horizontal and bends due to the strain

choices, so it is possible that this may be the cause for the change in filament length.

Although all precautions were taken to project the functions into suitable spaces,
it has not been possible to correct the issue by mere changes in degrees or number of
breakpoints. This outcome suggests that a different, unknown type of discontinuity
may be arising at the breakpoints. Therefore, despite the general good behavior of
the projection, before attempting to simulate the three dimensional case, a more
detailed analysis of the numerical method should be performed.

In conclusion, this result shows that, although the piecewise polynomial method
is suitable for solving the differential equations which describe ciliary motion, there

are still challenges to be addressed to ensure stability. Future work should consider
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the stability issue in greater detail and perhaps develop a new strategy for solving
continuity problems. One potential approach could be to vary the set of breakpoints
between time steps so that errors cannot build up at certain points. If two sets
of breakpoints are used alternatively, then at any value x the function would be
a polynomial, and thus infinitely differentiable, for every other time step. After
stability is ensured, graphs and movies of the filament motion can be obtained and
compared to biological data. It is expected that these approximations will serve as
evidence for the geometric model, which states that for a free flowing cilium, the

change in shape is the sole determinant of the translation and rotation pattern.
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A Conditions for Ciliary Flows

If the flow V preserves the form of the metric tensor g, then goo = 1+ 52, 50 01922 =
255;; Also, g3z = 1+ T2, s0 0yg3g = 2T'T; and go3 = ST, s0 Oygo3 = ST, +TS;. But
the change of S in time is given by the change in the component g2 and the rate of

change of T is given by g13. So we have the following relations

Org22 = 285, = 250,912
Org33 = 21Ty = 2104913

Orgos = STy + TSy = SOrg13 + T 0912
We perform the necessary calculations:

Orga2 = Vg2 + 29([0y, V1], 0,)
= 2a855; + 29(ay0y + By0y + V1y0z, 0y)
= 2055, + 2(ayg(9z, 0y) + Byg(0y, 9y) + 1y9(0z, 9y))

= 2288, + 2(Say + (1 + 5%)B, + ST,)

g2 = Va2 + 9([0y, V], 02) + 9([02, V], 9y)
= aS; + g(ay 0 + B0y + 740, 0) + g0y + B0y + 7205, 8y)
= aS; + ayg(0z, 0z) + Byg(0y, 0z) + vy9(0=, 0z)
+ 290z, Oy) + B2g(0y, Oy) + 72(9z, 0y)
= aSy + oy + ByS + 1T + S + Bo(1 4+ S%) + 71, ST
= Sy + oy + By S + 7T + Bz + S + BeS + 7. T)

:anﬁLOlyﬁLByS?L'YyTJFﬂx
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where the last equality comes from equation (18). So we have that

2088y + 2(Say + (14 S?)By + STy) = 25(aS, + ay + ByS + T + Bz)

and thus

/By_SB:E :07

which is equivalent to ea8 = 0. Also,

Org3s = Vgas + 29((0., V], 0.)
= 20T T, + 29( 0y + B:0y + 720z, 05)
= 20T T, + 2(a29(0z, 02) + B-9(dy, 0-) + 7:9(9-, 0.))
= 20T T, + 2(Tv; + STB. + (1 + T%)7.)

Org13 = Vs + 9([0:, V], 0z) + g([0z, V], 02)
= aTy + g(a.0z + B0y + 720, 0x)
+ g(az0z + B0y + 720, 0:)
= aTy + a;9(0z, 0x) + B-9(0y, Ox)
+ 72902, 0z) + a2 g(0, 02) + Brg(9y, 02) + 72(0z, 0z)
=aTl, +a, + .8 +7.T + T + 5T + v, (1 + T?)
=aly +a,+ 8.8+ 7T+ v+ T(ag + BoS + 7.T)

=aly+a,+B:5+7T+ %

So as before

20TT, + 2(Ta, + STB. + (1 +T%)7.) = 2T(aTy + o + 3.5 + 7.1 + 72
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and thus

Yy =2—Tv:;=0,

which is equivalent to ezy = 0.

Finally,

Ogas = Vg3 + 9([0z, V], 9y) + 9([0y, V], 02)
= (ST, +TSz) + g(.0p + B0y + 720z, 0y) + g(0yy0r + By0y + 70-, 0-)
= STy + T5x) + 29(0x, 9y) + B-9(0y, 0y) +7:9(0:, 9y)
+ 0y g(0z, 02) + Byg(0y, 02) + vy(02, 0z)

= (ST, + TSz) + ayS + By(1 + S%) + 7, ST + T + B, ST + v,(1 + T?),

which leads to

(ST, + TSz) + ayS + By(1 + S?) + 7, ST + T + B, ST + v, (1 + T?)

= STy + a4+ B8 + 7T +7z) + T(aSy + ay + ByS + 1T + Bz).

SO

’Yy_S’Yx'i‘/Bz_T/Bz:Ov

and, equivalently esy + e38 = 0.
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B Variational Derivatives of Elastic Energy

The variational derivative is an important tool in the calculus of variations. Intu-
itively, the variational derivative of a functional F' with respect to its argument f
indicates how much F' changes due to an infinitesimal change in f, denoted by § f.

To find the variational derivative of E with respect to S, where
u o [t . L
= 2/ ((S— F)* + (T — G)*)dzx + 2/ (S2 + T2)dz,
0 0

suppose S varies by a small amount 5. Define S = S + 65, which leads to

L

L
B *2‘/ ((S+88 = F)? + (T = GP)da + 55 | ((Sa+06S.)" + TP)da,
0 0

Then §FE, also known as the first variation of E is given by

E
1] L 2 Re L 2
=4 / (265(5 — F) + 65%)dr + ¢ / (25,55, + (85,)2)dz
0 0

Since §S is small, (§5)? can be considered an error term and subsequently ignored.
Through integration by parts, applying the natural boundary condition S,(0) =
Sz(L) =0,

L L
0F = ,u/ 0S(S — F)dz + mc/ S:0Sdx
0 0

L
= ,u/ dS(S — F)dzx + keSz68
0

L L
— Iic/ SyxdSdx
0 0

L L
= ,u/ dS(S — F)dz — Hc/ SpxdSdx
0 0
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Then

Wy
—_ = - F - C € .
55 wu(S ) — KeSzx

Through an identical calculation, imposing boundary conditions 7, (0) = T, (L)

it also results that

OFE
ST = w(T — G) — k Ty,
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