Effects of viscoelasticity on the oscillatory behavior of a two-link
filament model

Sophia Nelson
UC Davis REU 2021

Abstract

A subgroup of microscopic organisms, known as swimmers, use thin rod-like structures called cilia
and flagella to propel themselves in various fluid environments. This locomotion is driven by both the
dynamics of intracellular molecular motors within the flagella/cilia and the hydrodynamic forces exerted
on the swimmer. Swimmer gait is subject to changes in both the external and internal environments.
In this work, we are interested in the 2D planar motion of a flagellum/cilium driven by a follower force
applied tangentially at the tail and pinned at the head. To characterize this phenomenon, we consider a
discretized, two-link filament model that exhibits oscillatory behavior. We explore this motion in three
different fluid models: a viscous model, a Maxwell elastic model, and an Oldroyd-B viscoelastic model.
Changes in the frequency, amplitude, and stability of the emergent oscillations were observed as a result
of variations in fluid properties. This result highlights the adaptive nature of swimmers in viscoelastic
environments.

1 Introduction

Many microorganisms that live in fluid environments utilize thin appendages called cilia and flagella to propel
themselves through the fluid. Their pattern of swimming motion is influenced by changes in molecular motor
activity within the filament, as well as the properties of the surrounding fluid. There are many aspects to
consider when modeling this motion. Cilia and flagella are complex structures, comprised of microtubules
that are arranged in a “bundle of straws” manner within the filament. Dynein motors are attached to the
microtubules and cause the filament to bend by “walking” along the microtubules. The elastic forces that
result from this bending, coupled with the forces from the surrounding fluid, is what causes the filament
“beat,” and ultimately propulsion through the fluid. The swimming of microorganisms occurs at what is
called a low Reynolds number (Purcell, 1976) [2], in which the ratio of inertial forces to viscous forces is so
small that inertia is negligible.

Rather than diving in to the molecular motor activity and the complex internal structure of cilia and
flagella, we simplified the model to consider a tangential “follower force” that acts on the tip of the filament
as it beats.

Work by De Canio et al. (2017)[1] has characterized this motion using the follower force model in
viscous fluids. Specifically, they analyzed the motion of an elastic filament, pinned at one end, acted on by
a tangential follower force at the tail within a viscous, low Reynolds number regime. We are interested in
extending this framework to viscoelastic fluids, as this encompasses a wider variety of fluid properties that
are relevant to biological systems.

The viscous model in section 3 replicates results from De Canio’s paper, then we go on to consider how
adding a viscoelastic aspect to the fluid impacts locomotion. This is is first done through the Maxwell model
in section 4, which is then modified to an Oldroyd-B model, explored in section 5.

2 Two-link model

Inspired by Decanio et al., we considered a filament made of two discrete links, as shown in Figure 1.
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Figure 1: Two-link filament model.

The filament is clamped at point O, and is comprised of two straight rods of infinitesimal thinness,
connected at point A. A tangential follower force, I', acts at point B, which is at the tip of the filament. The
filament has two torsion springs at points O and A, each with stiffness constant k.

2.1 Describing the two-link model
We denote the location of points A and B as

ra=A—0 =I(cosb,sinb)

and
rg =B — O =1(cosb; + cosba,sinb; + sinbs),

with velocities

v =74 = 101(—sin by, cos ;)

and . .
vp =7 = 1[0 (—sinb, cos 0) + O (— sin By, cos b).

The torsional spring restoring moments for the springs at 6, and 6, are Mp = —k6; at point O, and
My = —k(f2 — 01) at point A.

We can describe the follower force, T', as —T'f, with magnitude T' > 0, and direction # = (cos(fz), sin(f2))
as the unit tangent vector joining A and B.

Because we are assuming that the links are infinitesimally thin, the drag forces only act at points A and
BasFy = —(Cvsa and Fg = —(vp, for some effective drag coefficient (.



3 Viscous model

The first model we will consider is the two-link model in a purely viscous fluid. In this model, our goal was
to recreate results from DeCanio et al. to ensure we understood the derivation of ODEs, linear analysis, and
implementation in Matlab.

3.1 Equations of motion

To derive the equations of motion for a two-link filament model in a viscous fluid, we apply the principal of
virtual work:

I' - érg+Fp-0rg+Fy- ory— k6,150, — ]{1(91 — 92)((591 - (592) =0, (31)

in which dr 4, drg, 661, and 66, are virtual displacements of their respective variables.
We begin by evaluating éra4 and drp:

o 3I‘A aI‘A

($I'A = 8791601 + 87%692
= I(—sin 6y, cos 61)d0;
- 8rB aI‘B

6rB = 8761691 + 6792(592

= [[(—sin 0y, cos 01]66, + (—sin B, cos H2)d65].

We then evaluate each term from equation 3.1 as follows:

T drp = —T(cosfs,sinby) - I[(—sin by, cos 01]061 + (— sin O, cos 03)65]

= —T[(— cos O3 sin 01 + sin O3 cos 01)061 + (— cos O3 sin O3 + sin O3 cos O3)d62]
= —T[—sin(6; — 62)]d61
= Tl[sin(6; — 02)]d660;

Fp-drp = fCl[él(f sinfy,cos ) + 9'2(7 sin 0y, cos 63)] - [[(— sin 01, cos 01)d61 + (— sin bz, cos 02)06)]
= —CZZ[(él sin? 0, + 0y sin 0y sin 01 + 6 cos? 0y + B, cos B cos 61)60,
+ (91 sin 6 sin Oy + 05 sin® O + 61 cos 01 cos Oy + 4 cos? 602)065)
= —CI%[(01 + 02 cos(01 — 05))301 + (03 + 61 cos(01 — 05))505]

Fyu-0rq= f(lél(f sin 01, cos 0) - I(— sin 6y, cos 01 )56,
= —(1%0, (sin? 0, + cos? 61)60,
= — (120,66,

Applying this to equation 3.1, we have

Tl[sin(6; — 02)]061 — CI%[(61 + 02 cos(B1 — 62))061 + (02 + 61 cos(B1 — 02))365]
— 120,601 — k0,060, — k(61 — 02)(660, — 665) =0

To nondimensionalize, we scale time as t = kt/¢l? and set our parameter ¥ = I'l/k as the ratio between
the strength of the follower force and the spring constant of the filament, to obtain

ESiH(@l — 02)501 — [(01 + 92 COS(91 — 02))591 -+ (92 -+ él cos(91 — 02))(502]
— 61060, — 0,660, — (02 — 601)605 + (03 — 01)66, =0



Grouping by 66, and 66,, we have

[E sin(01 — 92) — (91 + 92 cos(Gl — 92) — él — 01 + (02 — 91)]591
+ [—(f + 61 cos(61 — 65)) — (B — 61)]66, = 0

Due to the arbitrariness of d6; and §6s, we can separate this equation into the following system of ODEs:

Ssin(f; — 0a) — [261 + 05 cos(0y — 02)] — 2601 + 0 = 0 (3.2)
—91 COS(91 — 92) - éz +6; — 05 =0. (33)

3.2 Linear stability analysis

We linearize equations 3.2 and 3.3 about a horizontal filament, in which #; = 63 = 0. Assuming small
deviations from the horizontal state, we can approximate sinf =~ 6 and cosf =~ 1. This results in the
linearized system

2(91 — 6‘2) — (291 + 92) —201+05,=0
—60y — 0y + 60, — 0, = 0. (3.5)

We assume oscillatory solutions of the form 6; = éje“”g to obtain

Z(él — 92) — w(2é1 + ég) — 2@1 + ég =0 (36)
—w(é1 + éz) + é1 — éz =0 (3.7)

and form a matrix based on the coefficients of él and élz

Y-2w—-2 —Y—-—w+l

—w+1 —w—1 (38)

Setting the determinant of this matrix equal to zero, we can solve for the nontrivial eigenvalues of the
system:

w? +20w(3 - %)+ 1=0,
resulting in the eigenvalue solutions
wr =YX -3+ (Z-4)(X-2).

The eigenvalues for this system are plotted in Figure 2. The real part of the eigenvalues correspond to
the growth rate of oscillations, while the imaginary part corresponds to the frequency of oscillations.

From this, we can predict the stability of the nonlinear system for varying ¥ values on a case-by-case
basis.

1. ¥ <2 = wy <0, so the system is stable, with no oscillations.
2. 2 < ¥ < 3= Re(w) <0 and Im(w) # 0, so the system is stable, with decaying oscillations.
3. ¥ =3 = Re(w) =0 and Im(w) # 0, so the system is stable, with constant amplitude oscillations.

4.3 < ¥ <4 = Re(w) > 0 and Im(w) # 0, so the system is unstable, with exponentially growing
oscillations.

5. ¥ >4 = wy >0, so the system is unstable, and 6, and 65 diverge.
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Figure 2: Maximum real part of the eigenvalues from the linear system of the viscous two-link model and
its corresponding imaginary part. Real part corresponds to the growth rate of oscillations, imaginary part
corresponds to oscillatory frequency.

The ¥* value in Figure 2 is the Hopf bifurcation point of this system, which occurs at ¥ = 3, when
real part of the eigenvalue is zero. This is the point at which the system changes stability, switching from
a stable system with exponentially decaying oscillations to an unstable system with exponentially growing
oscillations. From a biological perspective, this is the point at which the magnitude of the follower force is
large enough to cause the filament to buckle, resulting in sustained oscillations.

3.3 Solution to nonlinear system

We return to the nonlinear system, equations 3.2 and 3.3. We solve this system in Matlab using the ode45
solver, as show in Figure 3.

(a) (b)

0.01 0.015

0.008 2 0.01

0.006 0.005
[4 0
\
0.004 .

0.002 -0.005

-0.01 -1
0 2 4 6 8 10 0 5 10 15 20 0 10 20 30 40

0

Figure 3: Change in #; and 65 for a viscous two-link filament model. (a) ¥ =2; (b) ¥ =2.9; (c) ¥ = 3.5.

These results are consistent with our predictions from the linear stability analysis. In Figure 3(a), we
see immediate filament relaxation without oscillations, in Figure 3(b), we see decaying oscillations, and in
Figure 3(c), we see sustained, exponentially growing oscillations.



4 Maxwell model

Our previous model considered swimmer motion in a purely viscous fluid, such as water, but many fluid
environments are viscoelastic, meaning they have an elastic component to them as well. For instance, sperm
that swim in mucus live in a viscoelastic fluid [3]. Thus our next two models consider a two-link filament
model in a viscoelastic fluid, allowing us to examine how viscoelasticity affects filament dynamics.

Viscoelastic fluids have both fluid and solid properties. The viscous component is a fluid property, which
is a measure of resistance to flow, and the elastic component is a solid property, which is the ability to resume
shape after deformation. While a viscous fluid exhibits a linear relationship between stress (o) and strain
(e), we see a nonlinear relationship between the two in a viscoelastic fluid, in which stress is a function of
strain and strain rate: o = o (¢, €).

Because viscoelastic fluids have fluid and solid properties, we can model them as an arrangement of springs
(representing the solid, elastic component) and dashpots (representing the fluid, viscous component).

4.1 Representing the Maxwell model

The first such model we will consider is the Maxwell model. In this model, we represent a viscoelastic fluid
by a linear arrangement of a spring and dashpot, as shown in Figure 4.

E n

€

Figure 4: Maxwell model of a viscoelastic fluid. Spring has elastic modulus E, dashpot has viscosity 7. The
model has total stress o and strain e.

Because of the linear arrangement of this model, stress is equal throughout. Therefore, the stress on
the spring is equal to the stress on the dashpot, which is equal to the total stress (05 = 04 = o). On the
contrary, strain is additive, so €5 + €4 = €.

These relationships result in the following ODE that describes a Maxwell fluid.

no + Eo = Ené (4.1)

4.2 Equations of motion

To derive the equations of motion for the Maxwell model, we will again apply the principal of virtual work
(equation 3.1) but we will consider a viscoelastic force on points A and B instead of a simply viscous force.
Recalling equation 4.1, note that the term né represents viscous stress, so we will denote F;scous = 7ME.
Moreover, note that the ratio between the elastic modulus and viscosity is the fluid relaxation time, so we
set % = A\. Manipulation of equation 4.1 results in the following:

AG + 0 = Fuiscous-



In our equations of motion for the viscous model, we denoted the viscous drag force on points A and B
as Fy = —(vy and Fp = —(vp, respectfully. Replacing F4 and F g with the viscous stress, F;scous, which
we derived from the Maxwell model, we obtain

(VA =A0s+ 04

and
—(vp = Adp +o0pB.

We replace the drag forces from our viscous equations with o4 and op, which are vectors that represent
the stress on points A and B, respectively. This results in the following equations of motion

I' orp+op-org+o4-0ry — k6,160, — k(91 — 02)(501 — 502) =0 (42)
ANog+o4=—(vy (43)
Aop+op=—(vp. (44)

Thinking of 04 and op component-wise as 04 = (04,,04,) and op = (0B,,0p, ), and evaluating equation
4.2, we obtain the differential algebraic equation (DAE) system

—Tlsin(f2 — 61) —I—Z[—(aAm +op,)sinf; + (UAy + O'By) cos 91} + k(02 —20,)=0 (4.5)
l[—an sinf + op, cos 02] — k(03 —01)=0 (4.6)
Ao, +0a, =l sinf, (4.7)
Ao, +0a, =—(lO; cos by (4.8)
Ao, + 0B, = Cl(él sin 0y + 0o sin 92) (4.9)
Aop, + 0B, = —Cl(él cos 0 + 0 00892>, (4.10)

in which equations 4.5 and 4.6 are mechanical constraints.

4.3 Linearization

We linearize our DAE system as we did in the viscous model, about a horizontal filament in which 6, = 65 = 0.
This results in the linear system

—Tl(02 —01)+1(ca, +0B,) + k(02 —20,) =0 (4.11)
log, — k(02 —01) =0 (4.12)
Aoa, +oa, =0 (4.13)
Aoa, +0a, =—Clb; (4.14)
Nop, +op, =0 (4.15)
Ao, +0p, = —Cl(01 +02) (4.16)

(4.17)

Note that equations 4.13 and 4.15 represent exponential decay, so the x-components of our stress vectors
are negligible in our linear system. Therefore, our linear system is

— FZ(HQ — 81) -I-Z(O'AJc +JBm) + k(ag - 201) =0
ZO'By — k(92 — 91) =0

/\é’Ay +0Ay = —Clél

>\0.'By "FUBy = —Cl(@l + 92)



4.4 Nondimensionalization

We nondimensionalize the linear system by scaling ¢, o, and 6 using the substitutions ¢ = Tt , 0 = %6, and
0 = af, for some scaling factors T, 3, and «.
Making these substitutions, we obtain

~Tla(y — 61) + 1564, +6p,) + ka(f —26,) =0 (4.18)

1565, — ka(fs — ;) =0 (4.19)
~ 1. ~ 1 %

/\ZTUAH +X6a, = —Clafﬁl (4.20)
~ 1. ~ 1 =« P

)\ZTUBy + ZO’By = —(laf(é'l + 92) (4.21)

Note that the parameters of interest are related to the follower force, I', and the fluid relaxation time,
A. Dividing by ka in equations 4.18 and 4.19 allows us to relate the strength of the follower force to the
strength of the springs at 6, and 65, as was done in the De Canio paper. Likewise, dividing by ¥ in equations
4.20 and 4.21 allows us to relate the fluid relaxation time, A, to the mechanical relaxation time, 7'
Dividing by respective scaling factors results in the following system

- %(éz —01) + %(&Ay +65,)+ (01 —20,) =0
%&By — (B —6)=0

A%(}Ay +64, = —%%51

A%éBy +ép, = fa;%(él + )

Setting Y= kTa results in the cancelling out of respective coefficients in the first two equations. We have

2
a choice to either express T in terms of A, or as % Being that we are interested in a parameter that relates
2
to the fluid relaxation time, we want to be able to freely manipulate A. Therefore, we choose T = %

Setting our parameters, we have

which is the ratio between follower force strength and the spring constant of the filament, and

kA A

_C?_T’

which is the ratio between fluid relaxation time and mechanical relaxation time. We obtain

2(91—92)+O’Ay+03y+91 —2605=0
UBy —(92—91):0
AO.—A?/ +O-A:‘/ = 70.1

Ad’By+UBy :—él—ég

as our nondimensionalized linear system.



4.5 Linear stability analysis

We assume oscillatory solutions of the form 6; = @e“f and o = 6e°! to obtain

S0y — 02) + 64, + 65, + 01 — 20, =0
65, — (02— 0:) =0
Aw&Ay + &Ay = —wél

Awép, +6p, = —wbh — wbs

We form a matrix based on the coefficients of él, él, Ga,,and G4, .

-2 —-¥+1 1 1
1 -1 0 1
w 0 Aw+1 0 (4.22)
w w 0 Aw+1

Setting the determinant of this matrix equal to zero, we can solve for the nontrivial eigenvalues of the
system, as we did in for the viscous model. This results in the eigenvalue solutions

_T-A-3%/E-9(E-2) (423)

—2YXA+ A2+ 6A+1

Wt

Recall that the Hopf bifurcation occurs when the real part of the eigenvalue is equal to zero. Note that
because this system depends on two parameters, A and X, we expect a Hopf bifurcation curve, as opposed
to the Hopf bifurcation point that we saw in the viscous system.

The real part of wy is zero when ¥ — A —3 = 0 and 2 < X < 4, so our Hopf bifurcation curve for this
system is ¥ = A + 3. Since A must be positive, our bounds for this curve are 0 < A <1 and 3 < ¥ <4.
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Figure 5: Real and imaginary parts of the eigenvalues for the Maxwell model system. Real part corresponds
to oscillation growth, imaginary part corresponds to oscillation frequency. (a) A = 0 = X* = 3; (b)
A=05=%X"=35;(c) A=09=X*=3.09.

We see this linear relationship between A and ¥* in Figure 5. Note that when A = 0, we see the same
results as we did in the viscous model. This is as we would expect because A relates to the fluid relaxation
time of our viscoelastic fluid. As A increases, the fluid becomes more elastic. When A = 0, there is no
elasticity involved in the fluid, it is simply viscous.



4.6 Nonlinear equations of motion

We return to our nonlinear DAE system, equations 4.5-4.10. Applying the same scaling factors as we did in
the linear system, we obtain the following nondimensionalized nonlinear DAE system:

Aop, — 6y sinf; = —0oy4, (4.24)
AGa, + 0, cos 6y = —0a, (4.25)
Aop, — 6y sin0; — Oy sin Oy = —op, (4.26)
AdBy + 91 cos 01 + 92 cosfy = —op, (4.27)
— Ysin(fy — 01) — (04, +0B,)sind; + (04, +0p,)costy + 02 —26; =0 (4.28)
—op,sinfly +op, costly — 0y + 01 = 0. (4.29)

Because we are working with a DAE system, we are not able to solve this system with Matlab’s ode45
solver. We turn to the DAE solver, odelbs. To input this system into odel5s, we have to find a mass matrix,
M, such that My’ = F(y,t). Thus we transform the nonlinear system into the matrix equation

A 0 0 0 -—sin6 0 oA, —0oa,

0 A 0O O costy 0 oA, —04,

0 0 A 0 —sin6y —sinby| |(0B,| |—og,

0 0 0 A costy  cosby o, | |-oB,|’ (4.30)
0 0 0 O 0 0 01 Fy

00 0 O 0 0 0, Fy

so that F} and Fy are the left hand sides of equations 4.28 and 4.29, respectively, and the M is the
leftmost matrix.

The solution to this system is show in Figure 6. When A = 0, we recover the viscous model, as we would
expect. For a viscoelastic fluid, when A = 0.5, we see a shift in the pattern of oscillations. At ¥ = 2, the
filament takes longer to relax than it does in the viscous model. At ¥ = 2.9, we see a slight transience before
relaxation, as opposed to decaying oscillations in the viscous model. At X = 3.3, we see decaying oscillations
instead of the growing oscillations observed in the viscous model.

Figure 7 shows how increasing viscoelasticity dampens filament oscillations for a fixed follower force. We
see that increasing the fluid relaxation time stabilizes the filament. Figure 7(a) shows the filament in a
purely viscous fluid, in which the oscillations exponentially grow, while 7(b) and (c) show the filament in a
viscoelastic fluid, in which the filament relaxes to resting state.

4.7 Issues with Maxwell model

As with any model, the Maxwell model has its limitations. The model breaks down past certain ¥ values,
so we aren’t able to explore what happens for high follower force strengths.

As opposed to our viscous model, which simulates a purely viscous fluid, this model simulates a purely
viscoelastic fluid. We want a way to smoothly transition between the two. In order to accomplish this, we
considered a new model.

5 Oldroyd-B model

The Oldroyd-B Model is another way of representing a viscoelastic fluid, and it provides a way for us to
smoothly transition between a purely viscous and purely viscoelastic fluid, as seen in the Maxwell model.

Complex fluids have a total viscosity that is comprised of a fluid viscosity and a polymer viscosity. The
Maxwell model only considered the polymer viscosity, so we will add the fluid viscous term to our model.
We will use ¢y as the drag coefficient for fluid viscosity, and ¢, for polymer viscosity.

10
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Figure 6: Change in #; and 6 for a viscoelastic, Maxwell two-link filament model for varying values of A
and X.
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Figure 7: Change in 67 and 65 for a viscoelastic, Maxwell two-link filament model with a fixed follower force
(X=3.3). (a) A=0; (b) A=0.5; (¢c) A=1.

5.1 Equations of motion

We modify equations 4.2 to 4.4 of the Maxwell model to include the fluid viscous term, as such:

T org+Fp-drp+op-rg+Fa-0rg+04-0ry — k01001 — k(61 — 02)(66, — 562) =0 (5.1)
Aoa+0os=—(va
Nop+op = _CpVB- (53)

Expanding, and treating ¢ component-wise results in the following nonlinear system of equations:

11



0= —Tlsin(0y — 61) + (—sinby (o4, +0op,) +cosb(oa, +0p,)) — 201201 — (41202 cos(01 — 02) — 2k0; + kb
(5.4)

0 =I(—sinfaop, + cosboop,) — (412 (02 + 61 cos(01 — 02)) — k(62 — 61)

Aoa, +oa, = Cplél sin 01

Aoa, 04, = —Cplél cos 01

Ao, + o5, = Gyl (él sin 6, + 6y sin 92)

Aop, +op, = —(pl (91 cos 1 + 6 cos 02). (5.9

5.2 Linearization

We linearize as we have done previously, about a horizontal filament in which #; = 6, = 0. Similarly to the
Maxwell model, the x-components of the stress vectors are negligible in the linear regime, so we obtain the
following linear system:

0=—TU(fs — 01) +U(ca, +0B,) — 261201 — (IO + k(02 — 261) (5.10)
0=lop, — Cpl*(02 + 01) — k(62 — 01) (5.11)
Aoa, +0a, =—(lb; (5.12)
)\é’By-‘rO'By Z—Cpl(91 +92). ( )

(5.14)

5.3 Nondimensionalization

We nondimensionalize our linear system by using the scaling factors t = T't, o = 6, and 6 = ab:

_ 2Cp12a i GlPack

0= —Fla(ég — 91) + li(a',qy + &By) T 01 T 0y + k‘Oé(éQ — 291) (515)
- Cpﬂa 2 R . N

0= ZEO'By — (92 + 01) — kOé(GQ — 91) (516)

AX . lac A
T oa, + EUAy = —CIZT 01 (5.17)

)\i X ~ A
T 9By +3Xop, = 7@:7(01 +02) (5.18)
(5.19)
As was done in the previous models, we define ¥ as %l, so that we have a relationship between follower

force strength and the spring constant. Since we added a new fluid viscosity term to this model, we need
a new parameter. We want to be able to smoothly transition from the case in which there is only fluid
viscosity (no polymer viscosity) to the case in which there is only polymer viscosity. To achieve this, we set
our new parameter as
G
B _ P

_Cp+Cf’

so that it is the ratio between polymer viscosity and total viscosity. Note that with this way of defining 5,
we recover the viscous model when § = 0 and the Maxwell model when 8 = 1. Moreover, scaling time with

2
respect to both fluid and polymer viscosity, results in 7' = w We define A as we did in the Maxwell

model, as a ratio between fluid relaxation time and mechanical relaxation time, so that A = —2 - = 2

s+ — T

Applying these substitutions, we obtain the nondimensional linear system:

12



0=%(01 —02) +0oa, +0op, —2(1— B0 — (1 — B)fa + 0> — 26, (5.20)
0=0p, — (1—B)(02+01) — 02+ 6 (5.21)
Aoa, +0oa, =—Bb (5.22)
Aop, +op, = —B(01 + 62). (5.23)

(5.24)

5.4 Linear Stability Analysis

As was done in the previous models, we assume oscillatory solutions of the form 6; = 6; e“t and 0 = Ge7 to
obtain

S0 — 02) + 64, —w(l — B)(201 + 02 —20,) =0
65 —w(l—B)(0y+6,)— 046, =0

wAG 4, +Ga, +wp =0

wAGp, + 6, +wB(01 + 02) = 0.

We form a matrix based off of the coefficients of this system:

S-o2w(l-B)—2 -S-wl-g)+1 1 1

—w(l-08)+1 —w(l-p)-1 0 1
wp 0 wA+1 0
wpf wpf 0 Aw+1

Solving for the zeros of the determinant numerically gives the Hopf bifurcation curves for different polymer
viscosity ratios (Figure 8). The left of each curve is when we have a stable system with decaying oscillations
and the right is the unstable regime associated with emergent oscillations. The leftmost curve is the case
when 3 = 0, when we have no polymer viscosity, recovering the viscous model. Note that as we saw in the
viscous model, the bifurcation point remains constant at ¥ = 3. The rightmost curve represents a polymer
viscosity ratio approaching 1, in which we have no fluid viscosity, recovering the Maxwell model. As we saw
in the Maxwell model, there is a linear relationship between ¥ and A for 3 < ¥ < 4. The middle curve
represents an intermediate case, in which there is a % ratio of polymer viscosity to total viscosity. This
case is overlain with frequency prediction from the linear analysis in Figure 8(b). Note that for ¥ values of
approximately 3 to 3.5, a vertical slice results in two bifurcation points. This is evident in Figure 8(c), in
which Figure 8(b) is restricted to ¥ > 3.25. At ¥ = 3.25, there are two bifurcation points: at A = 0.4 and
A = 2.65.

Hence for fixed 3 = 3.25, we have an unstable system for A < 0.4 and A > 2.65, and a stable system for

0.4 < A < 2.65. Note that the linear analysis predicts a frequency increase across the two bifurcations.

5.5 Double bifurcation phenomenon

This double bifurcation phenomenon is explored further in Figure 9, in which three simulations of the
nonlinear Oldroyd-B model are displayed, each from a different stability regime. We see growing oscillations
in Figure 9(a), when we have a low fluid relaxation time which closely resembles a viscous fluid. Increasing
the fluid relaxation time causes the oscillations stabilize to a horizontal filament as shown in Figure 9(b).
Further increasing A results in an unstable system with growing, sustained oscillations, as shown in Figure
9(c). Note that while we have an oscillating filament in both figures 9(a) and (c), the oscillatory behavior
changes as we cross the double bifurcation point. For low A values, we see high amplitude, low frequency
oscillations, while the opposite is true for high A values.

This relationship persists across a range of polymer viscosity ratios, as shown in Figure 10. Focusing
on a single S value, we can see that the amplitude decreases as we cross the stable region, while frequency
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Figure 8: (a) Hopf Bifurcation curve for specified beta values. (b) Bifurcation curve for 5 = 0.67, overlaid
with frequency prediction from linear analysis. (c¢) Plot (b) for ¥ > 3.25.
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Figure 9: Change in 0; and 65 for a nonlinear Oldroyd-B two-link filament model. g = 0.67, ¥ = 3.25. (a)
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increases. Moreover, looking at the whole range of 8 values, the amplitude decreases with increasing the
polymer viscosity ratio, while the frequency increases. It is also important to note that higher 5 values result
in a longer period of stability across A values. In other words, we have to increase the fluid relaxation time
further to see emergent oscillations for higher polymer viscosity ratios.
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Figure 10: Amplitude and frequency of a nonlinear Oldroyd-B model as a function of A, for fixed ¥ = 3.25.
The inverse relationship between frequency and amplitude is seen for a range of 5 values.
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5.6 Path classification

In biology, swimmers aren’t restricted to one type of motion. Swimming gait varies across organism, environ-
ment, and situation. The Oldroyd-B model captures this adaptive nature in its producibility of heterogeneous
behavior.

This is exemplified in Figure 11(b), in which the path tracings of the free end of of the two-link model
are shown for four different regimes with varying follower forces and fluid relaxation times. These dis-
tinct regimes can be seen in Figure 11(a), from the amplitude and frequency extraction from the nonlinear
Oldroyd-B model with g = 0.67. Different ¥ and A values can result in drastically different behavior.
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Figure 11: (a) Amplitude and frequency extracted from the nonlinear Oldroyd-B model, over a range of
3 and A values, with fixed § = 0.67. Overlaid with the Hopf bifurcation curve from the linear stability
analysis. (b) Path tracings of the free end (point B) of the two-link model for the specified follower force
and viscoelasticity regimes.
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The bottom two path tracings (star, circle) represent what we may consider a more “familiar” motion
with simple oscillations. A strength of this model is that this is not the sole producible behavior. The top
two path tracings (triangle, square) highlight this behavioral diversity by representing a “whipping” motion
in which the filament rotates past its point of origin. This encompasses the adaptability of microorganisms
to different fluid environments.

6 Conclusion

We have explored three different fluid models to classify the oscillatory motion of a two-link model of a
flagellum/cilium generated by a tangential follower force. Inspired by DeCanio et al., We began with a
viscous fluid model, in which we considered the emergence of oscillations as a function of follower force
strength. There is a point at which the magnitude of this force is large enough to cause the filament to
buckle, allowing for self-sustained oscillations, represented by the Hopf bifurcation point of the system.
Accounting for the fact that many biological swimmers don’t live in purely viscous fluids, we went on to
consider models of viscoelastic fluids. The first such model was the Maxwell model. A new parameter was
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introduced to represent the elasticity of the fluid— or how long it took for the fluid to revert to its original
state once it was deformed. We saw that increasing fluid elasticity dampens oscillations, thus increasing the
follower force required for sustained oscillations to occur. Linear stability analysis allowed for us to solve for
the Hopf bifurcation curve of this system: a linear relationship between the folower force strength and fluid
relaxation time. While this model allowed for analysis and insight into the effect of viscoelasticity, it was
limited by the follower force strength and did not allow for a smooth transistion from the viscous model.
Taking these shortcomings into consideration, we derived an Oldroyd-B fluid model, adding a fluid viscous
term to our system. This presented a new parameter that allowed us to modify the degree of viscoelasticity
of the fluid, so that we could smoothly transition from a purely viscous fluid to a purely elastic fluid. In
low elasticity regimes, we saw reconciliation with the Maxwell model, in that viscoelasticity can stabilize
and dampen oscillations. However, as we increased fluid relaxation time further, a second bifurcation point
was found for some follower force strengths, in which the reemergence of oscillations was observed. Across
this second bifurcation point, we saw an inverse relationship between amplitude and frequency. This was
consistent across different polymer viscosity ratios as well, allowing us to conclude that increasing fluid
viscoelasticity decreases oscillatory amplitude while increasing its frequency. The adaptability of swimmers
to different environments was highlighted by the heterogeneity of producible behaviors based on the follower
force strength and fluid viscoelasticity. Both “simple” oscillations and “whipping” motion were observed.
There are many directions we could take this work to better understand the effect of viscoelasticity
on flagellar motion. Adding more links to the model would allow for a gradual progression towards a
continuous filament model, more consistent with the structure of an actual flagellum/cilium. In many
situations, swimmers do not have just one flagella or cilia that propels the organism. For instance, many
cilia line the lungs that coordinate movement with one another. Thus, adding multiple filaments side-by-side
would allow us to explore the effect of proximity to beat coordination. Finally, exploring other models of
viscoelastic fluids would help to understand other possible effects that viscoelasticity has on locomotion.
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