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Abstract

Cilium Driven Flow Near a Free Surface
by

Ryan Michael Abell

Cilia are microscopic hair-like structures which transport fluid in biological systems. In
mucociliary clearance, cilia pump a multilayered film of fluid to remove contaminants
from the lungs. At points deep in the lungs (where the mucus layer becomes thin), the
cilia interact near the free surface, an effect which has been largely unexplored in an
experimental set-up. We first develop an analytic model for the flow response to cilium
motion confined between a free-slip surface and a no-slip boundary. Next, we design an
experimental set-up which can approximate the motion of biologic cilia using a rotating
magnet and a polymer seeded with iron particles. Through particle image velocimetry
(PIV), we show deviation from theory in the response of the fluid, specifically that under
certain conditions the flow can completely reverse from the expected direction. Lastly,
we show there is a transient response occurring which would violate the conditions in
a purely Stokes flow and we posit that this could be due surface effects. These results
have implications for ciliated organisms moving near free surfaces and for mucociliary

transport in the regions of the bronchi where the mucus layer is thin.
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Chapter 1

Introduction

Cilia are hairlike structures which are ubiquitous in nature. Broadly, cilia can be divided
into two types: non-motile and motile. Non-motile cilia perform sensing functions such as
olfactory cilia, which are responsible for the sense of smell [I]. Motile cilia are often used
for the propulsion of an organism within a fluid or for propulsion of a fluid in an organism.
Paramecium, for example, is a genus of single celled organisms, commonly found in bodies
of water, whose surface is covered with cilia which beat to produce propulsion [2]. Internal
motile cilia move fluid around for a variety of purposes. For instance, cilia help circulate
cerebrospinal fluid (CSF), which delivers nutrients to the brain [3]. Another example
of motile cilia comes from the early stages of embryonic development, where cilia pump
fluid from right to left as an early step of asymmetry being established in the human
body [4], which involves both motile cilia for fluid propulsion and non-motile cilia for
flow sensing. Lastly, we note cilia’s important role in the biological function which is the
primary inspiration for this research: mucociliary clearance.

Mucociliary clearance is the process by which the cilia lining the walls of the lungs
remove contaminants. As the lungs expand, particulates enter and stick to the layer of

mucus lining the surface of the airways. This mucus is continuously pumped by cilia
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Introduction Chapter 1

moving in metachronal waves to the trachea where it is swallowed. The mucus has a
viscosity 1~ 48.2 mPa s while being transported by cilia [5], although it is shear thinning
[6]; for standard flow in the tracheobronchial regions of the lungs, the shear rate does not
exceed the critical shear rate [7, §]. Beneath that layer of mucus is a less viscous fluid
which contains cilia, called the “periciliary layer” or the PCL. The PCL is of viscosity
similar to that of water p = 1 mPa-s [5]. Although this layer is substantially less viscous,
the fluid remains in the Stokes flow regime due to the small size of the cilia, 6-7 pm in
length, and 0.2-0.3 wm in diameter [9]. The height of the PCL is slightly higher than
the cilia at around 7 um, while the mucus thickness varies from the bronchioles where it
is 0.1 pm thick, to the trachea where it reaches upwards of 100 um [I0]. Notably, where
the mucus layer is thin the cilia are moving close to a free surface. This interaction is the
primary inspiration for this work, as there is limited literature covering this biologically
relevant interaction.

Various methods have been devised to create “magnetically actuated cilia,” or thin
flexible fibers which can be moved with an external magnet to manipulate fluids. One
method is to use a mold with a ferrofluid that crosslinks. The mold can be created with
lithography using SUS8 or other photoresist[I1]. Alternatively, one can use polycarbonate
track etched (PCTE) porous membranes as a mold for a lithography free approach [12].
Another common method is to fabricate the system from the bottom up where cilia
are formed with a magnet that induces spiking in the ferrofluid through the Rosensweig
instability [13]. For an alternative, cleanroom-free method, one can perform polymer
extrusion, where an external magnet draws out fibers from a ferrofluid, which stick to
another surface [I4]. For a recent review of cilia fabrication including methods and
applications see Park et al. [15]. In this work we create a single cilium with a borosilicate
glass micro-capillary.

A common (experimentally feasible) approximation of the motion of cilia in nature is

2



Introduction Chapter 1

Figure 1.1: Tilted conical motion with elliptical correction.

a “tilted conical motion” as shown in figure [16]. In this trajectory, cilia trace out a
cone in space, where the “tilt angle,” denoted 6, represents the angle between the cone’s
central axis and the normal to the surface. The “opening angle,” denoted ¢, represents
the angle from the cone’s central axis to the furthest extent of the cilia. If the tip of
the cilium does not trace out a perfect circle, a correction can be made based on the
aspect ratio of the ellipse f [14]. This tilted-cone trajectory generates a net flow even at
low Reynolds numbers. This due to the principle that a point force near a surface will
generate less flow than a point force further from a surface, mathematically represented
by the half domain stokeslet [I7] versus the infinite domain Oseen tensor.

In tilted conical motion, the effective stroke is when the cilium is tall and moving
in the direction of the generated net flow. Here, the tip of the cilium is far from the
solid surface and hence generates substantial flow. During the recovery stroke, the cilium
tip is closer to the solid surface and hence generates less flow. When averaged over the

3
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course of a cycle, the cilium generates a net flow in the direction of the effective stroke
due to the asymmetry with the boundary conditions. For the geometry presented in [I.1]
the generated flow rate is out of the page and is proportional to wsin(f) sin?(¢), where w
represents the beat frequency [18]. We note this model has been experimentally verified
[16], 14] for unconfined domains.

Additional efforts have been made to more rigorously characterize the flow near cilia.
Shields et al. showed that cilia can create forward flow above their tips while simultane-
ously creating an enhanced diffusion region near the no-slip surface [19]. Other studies
have investigated the dynamics of particles in the vicinity of a cilium, showing an absence
of net flow when the tilt angle is sufficiently reduced [20]. Lastly, computational studies
have delved into the nature of the cilia in the biologically relevant case of mucociliary
clearance. Specifically, it has been shown that under certain conditions, backflow is pos-
sible in the near field within PCL, while the mucus layer can continue moving forward
[21]. Tt is important to note the phenomenon cited here is local and is not predicted to
continue in the far field in the absence of additional cilia.

Most relevant to this work, an investigation revealed the dynamics of cilia confined
between two nearby no-slip planes [22]. As experimentally and theoretically shown, this
can lead to a net backflow of fluid being pumped, even far away from the cilia. The
model here provides a starting point to analyze the cilia with a free surface confinement.

Our study investigates the effect of a free surface near the tip of a magnetically ac-
tuated cilium during pumping. We show that in realistic laboratory conditions, one can
achieve a net backwards flow despite a free-slip model predicting only forward fluid mo-
tion. Free surfaces can often act drastically different in experiments compared to theory
driven by the free-slip assumption. An early example is the rising dynamics of bub-
bles covered in surfactants. Boussinesq proposed in 1913, an effective “surface viscosity”

which could account for the difference in the velocity of rising fluid droplets compared
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to the Hadamard-Rybczynski equation [23]. More recently, trace amounts of surfactants
have been uncovered to be the cause of super-hydrophobic surfaces underperforming the-
oretical predictions in drag reduction [24]. In this case, the shear flow over the plastron
causes surfactants to accumulate at the stagnation point leading to a Marangoni stress
opposing the bulk fluid flow. Lastly, flagellated organisms such as E. coli accumulate
near no-slip surfaces and swim in a clockwise direction due to an asymmetry in their
body forcing [25]. From this same theoretical framework, flagellated swimmers near a
free surface are expected to rotate in a counterclockwise direction; however, experiments
do not consistently show this behavior. This has been explained by presence of a complex
interface, which can modify the expected circulation behavior in conjunction with the
ratio of the fluid viscosity at the interface and the geometry of the specific organism (ac-
counting for different behavior within the same population) [26]. The same work notes
that the presence of surfactant densely packed at the free surface is not well captured
by a partial-slip (as modeled in polymer depletion layers), due to the constraint of 0
divergence in the surface plane.

To investigate the effect of a free surface near a cilium, we begin by developing an
experimental set-up which can mimick to motion of cilia and the resulting flow profile at

low Reynolds numbers.



Chapter 2

Magnetically Actuated Cilium

Experiments

2.1 Experimental Methods

To fabricate a magnetically actuated cilium, we use the Zhermack Elite Double 8§,
vinylpolysiloxane (VPS), 2 part silicone elastomer in conjunction with iron particles. An
overview of the procedure is shown in figure 2.1 The base and the catalyst component
crosslink at room temperature without ultraviolet exposure. To fabricate the cilium,
first the catalyst is mixed with Iron(ILIII) oxide (FeyO3 < 5um) powder depending on
the target particle loading. This is mixed by hand for 2 minutes before degassing in a
vacuum chamber for 10 minutes. Next, the base is mixed into the ferrofluid, forming
a 1:1 base:catalyst ratio. A 0.3mm borosilicate capillary is inserted into the resulting
fluid and a vacuum is used to bring the fluid into the capillary. Separately, the catalyst
and base are mixed and poured into a mold which will form the non-magnetic base of
the cilium. A magnet (K&J Magnetics, 1.25” diameter x 17 height, N42, 5597 Gauss
surface field) is placed below the base which aligns the particles during the curing process.

6
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Vacuum Insertion in non-
. Remove
magnetic base )
Glass capillary
capillary | ’ \
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Ferrofluid: Permanent magnet s
uncured resin & to align particles
magnetic (enhanced actuation)
particles

Figure 2.1: Fabrication procedure for the presented magnetically actuated cilium.

After the ferrofluid has cured for 10 minutes, the capillary is lowered into the base with
an adjustable z-stage. After a 104+ hour cure, the cilium is removed by breaking the
capillary with a pair of tweezers, while being submerged in ethanol. The ethanol helps
prevents glass adhesion to the cilium. While higher levels of iron loading can increase
actuation, higher iron loading can also weaken the cilium and make it prone to damage
during unmolding.

To test our magnetically actuated cilium, we utilize a closed track system fabricated
from solvent-glued laser-cut acrylic shown in figure [2.2l The magnet passes above the
base of the cilium and revolves around an axis offset from the cilium. This offset causes
the cilium to track the magnet in space thus moving in a tilted conical motion.

In this work, we measure flow velocities with particle image velocimetry (PIV) to track
fluid motion. The PIV relied on 10um silver coated hollow glass spheres submerged in
glycerol to ensure Stokes flow. Using a mirror, we shine a laser to illuminate the vertical
central plane of the observation window as shown in figure [2.3] Before each experiment,
the fluid was allowed to rest overnight to prevent residual motion. Analysis was performed

with Dantec Dynamics software.
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Observation window

Cilium tip displacement > '<- — “  Overhead magnet path

Figure 2.2: Overview of the fluid track.

Stepper / -
Motor | /Mirror

Rotating > W,
Laser  Magnet ' :

Camera
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Figure 2.3: Diagram of the PIV set-up.
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2.2 Cilium Motion

To analyze the flow response to a magnetically actuated cilium, the cilium motion
must be parameterized to the tilted conical motion. In this system, the magnetic force
which deforms the cilium is not much larger than the loss due to viscous dissipation,
as shown in figure 2.5 This means that the motion of the cilium is dependent on the
frequency of the forcing. We start by tracking the motion of the cilium using a Phantom

high speed camera as shown in figure [2.4]

A Tmm I B
-
C D g

Figure 2.4: Video of cilium motion at 0.5Hz. a: Side view, leftmost deflection. b: Side

view, rightmost deflection. c: Front view, recovery stroke. d: Front view, effective stroke.

This information can be used to extract the tilt angle 6, opening angle ¢, and the
aspect ratio f as shown in figure [L.1, The tilt angle and opening angle can be directly
measured from the front view of the cilium. The aspect ratio requires the side view of the
cilium. To eliminate the need to scale distances in each video, we calculate the aspect

ratio with the following formula:



Magnetically Actuated Cilium Experiments Chapter 2

tan ¢ + tan 6
f _ an vq an o ’ (21>
2 —2cos (29)

where 6, and 6, are the angles formed between the maximum point of deflection and
the vertical axis as viewed from the side during the rightmost extension and leftmost

extension of the cilium respectively [14].

1.5 135
2.4
1.4 116
130
2.2 °
13 o 14
0 2.0/ ’25’5
1.2 * o 129 o s
3 1.8] 120 ©
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(a) (b)

Figure 2.5: Cilium motion including opening angle ¢, tilt angle 6, and aspect ratio f. a:
Cilium fabricated from ferrofluid resin consisting of mass ratio 2:4:4 (iron particles, VPS
base, VPS catalyst). b: Cilium fabricated from ferrofluid resin consisting of mass ratio

3:4:4 (iron particles, VPS base, VPS catalyst).

We utilize two different iron loadings in the elastomer to change the cilium motion
as shown in figure [2.5 For both mass loadings, we see similar opening angles, however,
the tilt angles and aspect ratios are substantially higher for the higher mass loading.
This indicates that the higher loading — 3:4:4 (iron particles, VPS base, VPS catalyst) -

creates a cilium which tracks closer to the magnet’s motion for the same frequency. The
10
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tradeoff here is the 3:4:4 loading is a less reliable manufacturing method than the 2:4:4
resin which breaks less frequently during unmolding.

Regardless of mass loading, the tilt angle and opening angle decrease with frequency.
This is due to the viscosity of the fluid preventing the cilium from tracking the magnet
in space. In the literature, this relationship has been shown to cause the flow rate to
decrease with frequency or to behave in a non-monotonic manner[I4]. While the opening
angle and tilt angle decrease consistently with frequency, the aspect ratio shows some

non-monotonic behavior at high frequencies.

2.3 PIV Results

We start by using the high mass loading cilium and performing a sweep over different
fluid heights. The cilium length is 3.92 mm and we further define the confinement C=L/H
where L is the length of the cilium and H is the height of the fluid. We start with a
low confinement, C=0.50, with velocity profiles plotted in figure 2.6l Here, the length of
cilium is half of the height of the fluid.

From this figure, one can see the no-slip condition at the bottom as well as the fastest
velocity at the top of the profile as expected. Additionally, the speed of the flow is
decreasing with frequency, due to the effects of viscosity on the tilt and opening angle
discussed in section 2.2

Next we lower the height of the free surface to investigate C=0.64 in figure 2.7 The
velocity still generally decreases with frequency, although, we start to see deviation from
the expected flow profile for a free surface. While the no-slip condition is observed on the
bottom, the top surface has an apparent shear stress as evident by 57‘2 #0at x3 = H.

Furthermore, there is a change in the sign of the curvature in the profile from C=0.50 to

C =0.64.
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Figure 2.8: Velocity profile C=0.75 with a free surface.

Lastly, we study a high confinement value C=0.75. The resulting flow profile is plotted

in figure [2.8] Here, the deviation from the expected flow profile becomes undeniable. Not

only are we seeing a complete change from the expected half parabola, we now distinctly

see a multilayered flow, with fluid moving in the direction opposite to the effective stroke.

This is a complete reversal from what is possible in theoretical model discussed in section

. This model indicates a flow rate proportional to wsin(#)sin?(¢). Physically, # and

¢ cannot add to more than 90°, therefore the resulting flow can never be negative.

Intuitively, this is captured by the theory as the effective stroke moves fluid further from

the no slip boundary than the recovery stroke, generating more flow in the direction of

the effective stroke than in the direction of the recovery stroke.
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2.4 Preliminary Transient Analysis

To investigate the root cause of this unexpected behavior, we analyze the response
of the flow rate over time. These trials were done with a low iron loading cilium (2:4:4),
with cilium length 3.85 mm. We actuate the cilium for 40 minutes with 15 minutes of
rest before and after each trial. Trials are conducted at 0.5 Hz. The results are shown in
figure [2.9,

From the transient results, we can note a few things of interest. The experiments
performed here are done at low Reynolds number (Re~ 1073), as calculated by the
diameter and velocity of the cilium indicating the Stokes flow regime. Therefore, it is
expected that the fluid should respond instantly to changes in forcing: when the motor
is turned off, we expect the velocity to immediately drop to 0. Instead, the net flow
becomes negative when the motor is turned off, regardless of the confinement. After
some time, the velocity returns to 0. Additionally, at the highest confinement, we clearly
see a “ramp up” period before the velocity reaches a steady state value.

To understand this behavior we start by developing a model which accounts for the

presence of a surface near the moving cilium.

14



Magnetically Actuated Cilium Experiments Chapter 2

C=0.50 C=0.61
*' . orce 1 1500 + 1
1500 o o0 o® 1 1
I 00%%, 0% 7 %%, I I
1 1 12501 1 1
1250 A 1 1 1 1
H H 1000 le o0g000!
1%0e I
1000 1 1 1 Teesee®ge 0,%° |
1 1 1 1
—_ ~ 750 -
e ! ! q ! |
~N H 1 NE 1 1
e 500 -
] o | 1w w1 ()
2 E K 2 ! £
@ @ 1 w 7]
O L5l 5 1 [ o %0 =1 15
g | [] 0ga090¢ 5 ! [
0g®e® ©
£ 1 1 E 0 g1 I £ )
0?%0000® = p, 1 H | 0000
0 - ....... 1)
1 g 1 1g®
1 1 —250 1 I
250 1 1 1 1 1
1 1 1 1
1 & -500 | I b
=500 A T T I T T I T T 1 T T T 1 T
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (s) Time (s)
(a) (b)
C=0.86
1
o t i
®se ® 1
o0 [ LN 1
1 1 1]
1 [
—200 ! )
1 1
1 1 e
2 : 5
o~
£ 4004 " : : .
2 £ 8
7 i
o sl 15
51 15
—600 1 g 1 1
179 *
I
1 ® 1
1 . 1
o 0
—800 -| 1 ) 1
1 0%00,%%0,00%° |
1 1
: : T . T : T T T
0 500 1000 1500 2000 2500 3000 3500 4000

Time (s)
(c)

Figure 2.9: Transient results across multiple confinements at 0.5Hz.
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Chapter 3

Towards a Theoretical Model

3.1 Predicted Flow With a Free-Slip Surface

To a first approximation, a free surface acts like a free-slip condition. This assumes
that the deformation of the surface is negligible. Our mathematical framework closely
follows the derivation by Sun et al. [22]. First, we parametrize the motion of the cilium
as shown in equations We note the use of capital letters (X7, Xs, X3) to denote a

point on the cilium and lowercase letters (xy, 22, 3) to denote a point of interest in space.

Xi(s,t) = sfsingsinwt
Xo(s,t) = scos¢sinf — ssin ¢ coswt cos (3.1)
X3(s,t) = scos¢cosf + ssin ¢ coswt sin f
Here, we introduce s, which represents the distance along the length of the cilium, w
is the actuated beat frequency and ¢ is time.
Next we require a stokeslet to give us the velocity response in direction ¢ due to a
unit force in j. In this case, we are interested in the net flow in the x; direction which

corresponding to the direction of the effective stroke. We use the leading order terms for

16
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the far field stokeslet of a thin film free-slip geometry as derived in Mathijssen et al. [27],

equation B4, given here in equation [3.2]

33 x3\ X3(s,t) X3(s,t)\ [6ap  Tars o/ H
o= (=) T (=T ) 52— 5| Fudi 0 (1) (32)

Note that the forcing in the x3 direction is symmetric with respect to the boundary.
For example, any force acting in direction x3 at some time t; is associated with a cor-
responding, equal, and opposite force with respect to the boundaries, on the other side
of the cycle at t| = 7 — ty, where 7 is the period of the cilium. While the presence of
sidewalls could theoretically cause asymmetry in the power vs recovery stroke, as the
recovery stroke comes slightly closer to the sidewalls compared to the effective stroke, we
assume this is negligible compared to the interaction with the lower boundary.

In equation [3.2 ¢ and j represent the directions of the velocity and applied forcing

respectively, ¢ = 1/2, p represents the planar distance

p= /(X1 —21)%+ (Xo — 2)%, H is the height of the fluid, p is the dynamic viscosity,
and ¢ is the kronecker symbol. Using Einstein notion, o and [ are repeated indices, each
taking values of 1 and 2. We note that this only differs from the parallel plate stokeslet

as derived by Liron and Mochon [28] by the factor c.

In the far field, we neglect higher order terms, including the T‘;ZB and O(e=?/f). From
here, we are left with an equation proportional to 1/p?, because this stokeslet represents
the case where the geometry is infinite in the z; and x, directions and the momentum
therefore dissipates radially. In most experimental cases, the sidewalls confine the flow
and therefore the velocity cannot decay radially by conservation of mass. We remove the
dependency on p and replace it with a prefactor R to account for the impact of these

side walls. This same assumption is made and validated with simulations by Sun et al.

[22] for a channel with a no-slip top boundary. Additionally, this parameter accounts for

17
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the fact that the flow rate scales linearly with velocity. The stokeslet can be simplified

as follows:

3R1’3 T3 Xg(S,t) Xg(S,t)
= e A et ANGAAAN O [P AN A .
F11 27 L ( QH) H 2H (3:3)

Lastly we utilize slender body theory to get the forcing in the x; direction:

Xm(S, t)

fl(S,t) = CN dt

= Cnsfwsin ¢ coswt (3.4)

where Cy is the resistance coefficient normal to the cilium length. We additionally
note that the normal force coefficient is accepted to be proportional to the viscosity,
indicating the net flow should not depend on viscosity for a given cilium trajectory.

Multiplying the stokeslet by the forcing gives the velocity response at any point in
space. We then integrate along the length of the cilium to account for all point forces
and we integrate to average over the time of one beat cycle as shown in equation [3.5]
This should approximate the velocity profile in the far field flow profile for the free-slip

boundary condition:

w 2w /w L
Vps(ftg,) = — / / fn(l'g, S, t)fl(s, t) ds dt
2 Jo 0 (3.5)
L? '
Vig(xs) = %ﬁmm(?]{ — x3)(4H — 3L cos f cos ¢) sin 0 sin® ¢

Lastly, we can integrate along the height of the fluid to achieve our net flow rate.

H
Q :/0 Vps(l‘g) dl‘3

CyfwRL*H . . ., 3L
Tsm@sm o(1— 0 cos 0 cos ¢).

We compare our result to other works with different boundary conditions in table 3.1}

(3.6)
Q=

The key difference between the parallel plate and the free-slip condition is that the

coefficient of cosf cos ¢ has changed from 3L/2H to 3L/4H. As L/H becomes small,
18
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Table 3.1: Predicted generated flow from a cilium in tilted conical motion.

Geometry

Stokeslet

Predicted Flow

Volumetric response

Semi- . ng ‘”#L sin? ¢ sin 0 [18]
=3 17
infinite e B
Velocity response
Parallel i . . W sin @ sin® ¢(1 — 3L cos 0 cos ¢) [22]
e (1 - 5301 - %) 29

plate
. Velocity response Current Work

ree-
Slip ‘?ﬁ( — &) (1-23) [27] Wsm@sm%ﬁ(l— 477 cos 0 cos @)
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Figure 3.1: Expected flow profile for free-slip (solid line) vs no-slip (dashed line) boundary
conditions for varying heights of fluid with L = 1, CNﬂ—’;“’R =1, and § = ¢ = 7/8.

Horizontal dotted lines represent varying fluid heights.

the term in parentheses goes to 1, returning to the unconfined form of the semi-infinite
domain. The 3/4 prefactor prevents the second term from being larger than 1, indicating
that this model does not predict backflow in the open channel case.

To illustrate this, we arbitrarily set L =1, CNW—JEJR =1, and § = ¢ = /8 and plot the
resultant velocity profile at various confinements in figure [3.1, We refrain from assigning
units to this as it is purely intended to show the expected velocity profile shape. This
uses the free-slip velocity profile given in equation[3.5] To plot the no-slip velocity profile,

we use the no-slip profile as given below:
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C’waR L3

4—ﬁx3(H — x3)(2H — 3L cos f cos ¢) sin(f) sin® ¢ (3.7)
Th

Vs(xs) =

For the free-slip condition, the expected velocity profile is positive regardless of the
height of the fluid. In the no-slip condition, this leads to a flow reversal when the upper
boundary gets too close to the cilium during the effective stroke. There, the recovery
stroke is the portion of the beat cycle which moves fluid at the farthest point from the

boundaries and therefore the recovery stroke generates more flow than the effective.

3.2 Comparison to model

While the theoretical model cannot capture the negative observed at high confine-
ments, we can check for agreement at low and moderate confinements which observe

positive flow.

! A Rescaled Theoretical Value
3000 - @ Experimental Value
A
2500 - ®
W
5 2000 -
o
[ ]
1500
A
1000 A [ ]
A
T T T T T T
0.5 1.0 15 2.0 2.5 3.0
w (Hz)

Figure 3.2: C=0.50 experimental flow rate vs theory - best fit.
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First, we integrate the experimental velocity profiles to get the in plane flow rate and
compare to the theoretical values from equation 3.6} using a least squares fit to determine
Cy * R. We observe good agreement between the theoretical and experimental flow rates
in figure 3.2} Note that the theory predicts forward flow with a decreasing magnitude as

found.

A A Rescaled Theoretical Value
1800 1 @ Experimental value
1600 - E
¢ A
1400
Q
5_ 1200 A E
o
1000
800 4
A
6800 A
A
T T T T T T
0.5 1.0 15 2.0 2.5 3.0

w (Hz)

Figure 3.3: C=0.64 experimental flow rate vs theory - best fit.

We additionally plot the resulting flow rate vs the theoretical model for the moderate
confinement experiments in figure 3.3 Here, there is a substantial deviation from the
expected flow rate at intermediate confinement.

Performing the same analysis on the high confinement experiments would result in a
negative value of Cy * R, which is a non-physical result. To gain insight into the source

of this discrepancy, we look at the shape of the flow profiles themselves.
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3.3 Partial-Slip

As noted in section [3.1], the velocity profiles do not show a free-slip condition at the
top surface as evident by % # 0 at x3 = H. A possible explanation for this is that the
surface is observing some kind of partial-slip behavior, where there is a shear stress being
applied to the top which does not necessarily cause the fluid to come to a stop. Some
systems that observe this behavior include nanofluidics, where electroosmotically driven
flow has a boundary velocity [29] or in polymer depletion layers where the flow will move
with some apparent shear stress quantified by the “slip-length” [30].

While the exact nature of the partial-slip is unknown, we start by assuming our
flow profile can be represented by a superposition of the free-slip and no-slip profiles

as evident by the linearity of Stokes flow. Mathematically, this is represented by the

following equation:

Vps(l’g) = ( * VFS(ZE;;) + (1 — Oé)VN5<l’3) (38)

Where « represents some value between 0 and 1. By adjusting the values of a and
H we can recover flow profiles similar in shape to those observed experimentally. This is
plotted in figure [3.4]

Conditions 1, 2, and 3, are similarly shaped flow profiles to the experimental low
confinement, medium confinement, and high confinement trials respectively. At low
confinements, we only see a small shear stress at the surface. At medium confinements,
the surface shear stress increases and we observe a change in sign of the curvature of the
profile. At high confinements, we can recover the multilayered flow, with backflow in the
bulk and forward flow near the surface. To achieve this similarity, we decrease « as the
confinement increases. This indicates that the free surface is acting more as a no-slip

boundary as the free surface approaches the tip of the cilium.
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Figure 3.4: Flow profile along 3 different partial-slip conditions with varying o and H.
L= 1,CNW—f:JR =1, and § = ¢ = 7/8 for all conditions. Condition 1: a« = 0.9 and H = 1.4.

Condition 2: a = 0.25 and H = 1.2. Condition 3: a = 0.15, and H = 1.1.
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This is not derived from interfacial mechanics and should be interpreted as a phe-
nomenological model intended only to assess whether an effective transition from free-slip
to no-slip behavior can reproduce the measured velocity profiles. This gives clues into
the considerations for a full analytic model. Crucially, to develop a full analytic model,

one must understand what causes the apparent surface shear stress.

3.4 Possible Explanations for the Observed Surface
Shear Stress

There are multiple possible sources of this surface stress. As a preface, it is important
to recognize that the velocities in this study are extremely small, under 1pum/s. Because
of this, even small forces may affect the motion of the fluid.

Initially, we considered that the air above the cilium could lead to a shear stress at
the surface; however, the viscosity of air is 5 orders of magnitude less than the viscosity
of the glycerol and therefore it cannot effect the flow profile. Additionally, the transient
behavior discussed in section 2.4 would not be possible as this multi-layered fluid approach
would be governed only by the time-independent Stokes equations.

We additionally consider the deformation of the free surface as a possible source of
error which would deviate from the assumptions made for the free-slip model. There is
some literature indicating that microorganisms can utilize the deformation of a free sur-
face in order to propel themselves parallel to it [31]. While this may impact the dynamics
of the generated flow, we note that experimentally there is minimal deformation of the
surface and surface deformation effects are local to the cilium and therefore we should
not observe an apparent surface shear far from the cilium as observed in experiments.

The cause must globally effect the system.
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Surface flow resistance
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Figure 3.5: Surfactant theory for backflow induced by a magnetically actuated cilium

near a free surface.

One possible explanation could be the effect of surfactants as illustrated in figure
B.5] When the motor starts, the surfactants become unevenly distributed across the
experimental set-up, the unevenness of the distribution may develop over time which
could lead to the ramp-up period seen in the flow rate. This leads to a net force at the
surface opposing the effective stroke. At high confinements, this effect could act as a
partial-slip boundary, leading to a net backflow produced by the cilium, similar to the
parallel plate case. Additionally, the relaxing of these surfactants after the cilium stops
moving could cause a Marangoni flow from the low surface tension region to the high
surface tension region region which could account for the rebound velocity. Critically to
this theory, one must determine why surfactants accumulate in specific areas of the loop.

Lastly, we note that fluid interfaces can exhibit two-dimensional viscoelasticity prop-

erties, separate from Marangoni stresses [32]. This behavior can be caused by packed
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surfactants, particulate contaminates, or complex chemical species. In our system this
could be due to trace surfactants in the system or the tracer particles themselves. The
introduction of a surface viscosity could explain the resistance to the flow during the ef-
fective stroke leading to backflow. Surface elasticity could explain the transient behavior
of the flow as the surface relaxes.

We note these are all preliminary theories and more experiments are needed to de-

termine the source of the backflow.
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Chapter 4

Conclusion and Future Outlook

To further understand the flow behavior we propose multiple paths of investigation.
First, particle image velocimetry should be performed on the fluid near the free surface
to determine where fluid moves in the entire system. This could show points of surface
divergence after the motor is turned off, which would indicate where surfactants may be
accumulating. Furthermore, we can test the addition of known surfactants to the system
and observe changes in the surface behavior. Lastly, hydrophobic fluids such as oil should
be tested to see if the flow behavior changes with chemical species.

This thesis investigated the effects of a free surface near a cilium pumping fluid in
tilted conical motion. First, we developed an analytic model for the theoretical fluid
response to a cilium moving in tilted conical motion. We then created manufacturing
methods for the magnetically actuated cilium and analyzed the corresponding motion
in a closed-loop experimental set-up. Finally, we performed particle image velocimetry
experiments in glycerol. Here we showed that the flow response due to cilium motion
is non trivial and that surface effects can alter change the flow profile or even reverse it
entirely. Even at the Stokes flow, Reynolds numbers studied, we see a transient response

in the fluid under steady forcing, which could be indicative of surface effects. These

28



results could impact the motion of ciliated organisms near free surfaces and has direct
implications for the movement of fluid in the bronchi, where a free surface is near the

ciliated region.
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