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Manipulate active fluid flows without touching the fluid. Fluid dynamics of active fluid was reportedly
directed by imposing a confinement boundary onto the active fluid. In this thesis, I will present a
revolutionary method that allows for directing the active fluid flow without physically contacting the fluid.
The hand and magic ball picture excerpted from PickPik."

* PickPik. Person's hands near iridescent ball, <https://www.pickpik.com/fortune-telling-future-magic-
astrology-divination-tarot-10692> (2021).
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Preface

The world of active fluid is always deep and profound. Despite human beings have already
developed sophisticated technologies to explore the sky and even the universe using planes or rockets based
on mature understandings to fluid dynamics, the knowledge on how to manipulate the motion of the active
fluid from chaotic to orderly by mechanical methods remain poorly studied.”™ In September 2018, when
my lab mate Meagan Varney introduced me to Dr. Kun-Ta Wu’s research group, I was surprised by his
research that regulates the chaotic active fluid flows to a coherent circulatory flow by simply confining in
a circular or a racetrack-like container of certain dimensions, which is the so-called spontaneous circulation
of confined active fluid. In addition, when confining the active fluid in a circular pipe loop, its self-
organized circulatory flow within the pipe exhibits zero head loss, which contradicts to everything I learned
from the fluid dynamics textbook on the conventional pipe flow. These discoveries have truly inspired me
to get involved in the active fluid related research, especially its self-organization. After a deep discussion
with Dr. Wu, I was then intrigued by two unsolved questions. First, does the coherent flow of active fluid
only happen when it is confined in solid circular containers? What if the confinement surface is fluid?
Second, can the coherent flow of active fluid be mechanically controlled in real time such as adjusting the
confinement heights spontaneously? Therefore, I proposed this project that studies the spontaneous
circulation of active fluid when confined in a water-in-oil droplet where the confinement boundary is fluid
and deformable so that I can design a mechanical device to compress or decompress the droplet
spontaneously and observe the associated circulatory flow developments. To my surprise, the active fluid
droplets developed as strong circulatory flows as the previous solid confinement scenario. In addition, such
circulatory flows development depends not only on droplet geometries but also on the thickness of oil
surrounding the droplet! In this dissertation, I will show you extensive experimental and numerical evidence

that proves the flows of the active fluid droplet are coupled with the flows in the surrounding oil within a

™ Chen, Y.-C. Boost the public demand for soft matter education and career opportunities with a
homemade video. arXiv:2006.09852 [physics.ed-ph] (2020).
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milli-meter length scale so that changing the thickness of the surrounding oil in this range can largely affect
the circulatory flow development of the active fluid droplet. In addition, you will see the designs of two
mechanical devices that can successfully control the circulatory flows of the active fluid droplets in real
time; one by adjusting the shape of the droplet spontaneously and the other by tuning the surrounding oil
thicknesses without physically contacting the droplets. These discoveries allow the active fluid to be applied
in engineering or medical treatments, such as developing an active-fluid-powered machine whose power
can be tuned like the gas pedal of the car, or treating the cancer cells through the interruption of their
cytoplasmic flows by imposing shears to the surrounding fluid. After reading this dissertation, I hope that
you will feel excited about the future of the active fluid and how it can potentially reshape the existing

technology.

Yen-Chen Chen

May 29, 2021



Abstract

Active fluid encapsulated in a water-in-oil droplet was reported to develop a spontaneous
circulation whose onset depended on droplet geometry. However, how the dynamics surrounding the
droplet influence the active fluid circulation remains poorly understood. Here, we used a combined
experimental and modeling approach to demonstrate that the intradroplet circulation can be controlled
through the flow coupling across the water—oil interface between active fluid and oil. We immersed the
kinesin-driven, microtubule-based active fluid in a water-in-oil droplet that was compressed to a cylinder-
like geometry. The droplet geometry supported the formation of intradroplet circulatory flows, but the
circulation was suppressed when the thickness of the oil layer surrounding the droplet decreased. A
combination of experiments and models demonstrated that the flow transition was due to active fluid—oil
flow coupling across the interface, with a millimeter-scale coupling length. In addition, two millifluidic
devices were developed that could trigger or suppress intradroplet circulatory flows in real time: one by
locally deforming the droplet and the other by tuning the thickness of the surrounding oil layer without
contacting the droplet. Our work highlights the role of interfacial dynamics in self-organization of active

fluid within a droplet.



Chapter 1 : Introduction

Active fluids consume local fuels to overcome equilibrium constraints so as to flow spontaneously
without external energy input.'"!' Such spontaneous flows of active fluids have been reported to depend on
geometries of system boundaries; in particular, when the boundaries were circular or racetrack-like, the
active fluids self-organized into circulatory flows or river-like flows.!!">* Aside from boundary geometries,
boundary conditions were shown to play an influential role in the self-organization of active fluid
systems.??” For example, when active fluids were confined in a droplet immersed in liquid crystal, the
liquid crystal developed oscillating rings surrounding the droplet,?®*! demonstrating that the droplet surface
created a fluid boundary that allowed active fluid to alter the passive fluid configuration on the opposite
side of the boundary. This example illustrates that a fluid boundary can induce a hydrodynamic coupling
between active and passive fluids near their interface.’ However, this fluid boundary-induced coupling,
along with its influence on active fluid flows, remains poorly understood.>* The lack of a complete
understanding of this coupling limits the development of active fluid applications that involve interfaces.*
For example, droplets encapsulating active fluid (i.e., active droplets) were reported to self-propel when
compressed between a pair of parallel glasses.*> This self-propelling feature could be applied to develop
microfluidic devices that allow a group of drug-filled active droplets to self-assemble and collectively

migrate for drug delivery.

To realize this application, understanding how droplets interact is indispensable; investigating
droplet—droplet interactions requires knowledge of how flows of active and passive fluids couple across
their interfaces. In this study, we systematically characterized the coupling between active and passive
fluids near their interfaces. We focused on how active fluids drive passive fluids through interfaces and on
how the passive fluid configuration can, in return, influence the self-organization of active fluids, along
with the associated characteristic length of this active—passive fluid coupling. To gain deeper insight into
our experimental work, we developed a continuum complex fluid simulation based on established active

fluid models. The simulations not only predicted the active—passive fluid coupling but also qualitatively



agreed with our experimental outcomes, demonstrating the applicability of established active fluid models
in experimental active fluid systems. Finally, we demonstrated two methods to direct active fluid flows by
manipulating interfacial dynamics. One method utilized a milli-fluidic device to deform the interfaces in
situ; the other method altered the passive fluid configuration near the interface without physically
contacting the droplet. Both methods provided real-time control on guiding the active fluid to flow
coherently or chaotically. This work on active—passive fluid coupling advances our knowledge of the self-

organization of confined active fluids and will promote the development of active fluid applications.



Chapter 2 : Materials and Methods
2.1: Fabricate milli-fluidic devices
To confine the active fluid in a cylinder-like water-in-oil droplet, we needed a milli-fluidic device
to compress the droplet between a pair of plates separated by 2 = 1-2 mm. However, the compressed droplet
was self-propelling®*33’. To immobilize the droplet, we also needed to curve the plate surface into a half-
oblate spheroidal dome with a thin cylindrical well (height: 0.2 mm; radius: 1 mm) at the dome center (Fig.
2-1a). The curved surface and thin well were able to immobilize the droplet without significantly impacting

the intra-droplet active fluid behaviors (Supplementary information).
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Fig. 2-1: Design of milli-fluidic devices.*® (a) The device contained a cylinder-like chamber to contain the
oil and droplet, which were loaded via the loading channel. The channel was connected to the chamber via
a neck to keep air bubbles away from the chamber (close-up). To fix the droplet in the chamber center, the
chamber ceiling was curved into a half-oblate spheroidal shape whose semi-axes were R, and R, along
with a thin well at the ceiling center. Close-up: An air-in-oil bubble in the loading channel could not
spontaneously enter the chamber due to the smaller opening of the neck. (b) To fit a half-spheroidal dome
into a smaller chamber (2R < 2R}), the dome was trimmed (red curves). (c) Conversely, to match a dome
to a larger chamber (2R > 2R},), the dome was extended horizontally (red lines).



Finally, to load the oil and active fluid into the milli-fluidic device, we drilled a 3.6 mm-long
loading channel with a width 2 mm and height 1.7 mm, and adjoined the channel to a 2.4 mm-long neck
that had the same width (2 mm) but shorter height (1.4 mm). To fabricate this chip, we sketched the 3D
design (SOLIDWORKS), followed by programming the corresponding tool paths (Esprit). According to
these tool paths, we end-milled a 610 x 38 x 6.4 mm acrylic rectangular bar with a computer numerical
control (CNC; McMaster 1227T222). After the milling, the chip was cleaned with sequential 10-min
sonications in detergent (Sigma-Aldrich Z805939), ethanol, and 100 mM potassium hydroxide solution
sequentially. To complete the fabrication of the milli-fluidic device, the chip was glued to a fluorophilically-
treated glass slide (VWR GWBJ17) with epoxy (Bob Smith Industries BSI-201).* After the epoxy was

cured (~10 min), the milli-fluidic device was ready for loading a water-in-oil active droplet.

2.2: Preparation and confinement of active fluids in a compressed water-in-oil droplet

To investigate the active—passive fluid coupling across the interface, we chose microtubule—kinesin
complex active fluid as the active component in our experiments because this active fluid has been reported
to be tunable and reproducible and the established characterizations and modeling can serve as our
references in our study.*** The fluids were driven by extensile microtubule bundles that were assembled
by depletion and extended by kinesin motor clusters (Fig. 2-2a).*> The bundles repeatedly extended, broke,
and annealed, resulting in an active gel network whose structure was constantly rearranged.® The
rearranging active gel stirred the surrounding liquid (96% water), causing flows. Such flows of active fluid
were reported to develop spontaneous circulatory flows when confined in a cylindrical no-slip solid
boundary.'! However, when the boundary condition is changed from no-slip solid to fluid without altering
the boundary geometry, it is unknown how the circulatory flows would respond. In this study, we
investigated how the circulatory flows of active fluid are influenced by the fluid characteristic of fluid

cylindrical boundaries in order to elucidate how active and passive fluids interact near fluid boundaries.
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Fig. 2-2: (a) Schematic of mutually sliding microtubule pairs. Microtubules were bundled by depletion
(blue arrows) and subsequently bridged by kinesin dimers that slid apart pairs of anti-parallel microtubules
(red arrows). (b) Schematic of compressing an active droplet using an acrylic—glass fluidic device.*® The
device ceiling was curved into a dome-like geometry (red curve), and a well was drilled (radius 1 mm,
depth 0.2 mm) on top of the dome (yellow curve). The curved ceiling caused the active droplet to remain
stationary at the dome center.

To prepare the water-in-oil droplet that encapsulated the active fluid within a fluid boundary, we

3546 and pipetted the active

prepared the microtubule-based active fluid based on our previous protocols,
fluid through the loading channel into the chamber of the fabricated milli-fluidic device that was filled with
oil (hydrofluoroether, 3M Novec 7500) (Fig. 2-1a). Since the oil would be in contact with the protein-based
active fluid, we doped the oil with 1.8% surfactant (perfluoropolyether—polyethylene glycol-
perfluoropolyether, RAN Biotechnologies 008-FluoroSurfactant)*® to stabilize the protein near the water—
oil interface. After pipetting, the active fluid formed a water-in-oil droplet that was compressed between
the ceiling and floor of the chamber (Fig. 2-2b). The compression deformed the droplet into a cylinder-like

geometry*’ whose height (h) depended on the ceiling—floor separation of the chamber and whose radius (7)

depended on the pipetted fluid volume. After injecting the active droplet, we sealed the channel with epoxy.
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However, after the sealing, the sample can form air bubbles that would affect the experimental outcomes.
To keep the bubbles away from the droplet, we tilted the sample to direct the air bubbles to exit the chamber
into the loading channel through the neck. The neck had a smaller opening that prevented the bubbles from
reentering the chamber, leaving the chamber bubble-free (Fig. 2-1a close-up). The above processes allowed

us to prepare a compressed water-in-oil active droplet with the desired dimensions (height 4 and radius 7).

In our experiments, we first varied the droplet radii in a couple of milli-fluidic devices that
contained chambers of radii R = 3.5 and 5 mm. Each of the devices had a half-spheroidal dome with a
vertical semi-axis of R, = 0.25 mm and a horizontal semi-axis matching the chamber radius, R, = R. This
setup allowed for probing the role of the droplet radii in the formation of the intra-droplet circulatory flows.
We also immersed the droplets in oil layers of various thicknesses. The oil was contained in the chamber
whose radius was the sum of the droplet radius and oil layer thickness R =1 + A. To avoid the influence of
the ceiling shape on the experimental outcomes, we chose a fixed half-spheroidal ceiling (Rq = 0.5 mm, Rj
= 5 mm) to cover the chamber. When the chamber was smaller than the ceiling (2R < 2R;), the ceiling was
trimmed to fit into the chamber; conversely, when the chamber was larger than the ceiling (2R > 2R}), the
ceiling was extended horizontally to match the chamber size (Fig. 2-1b&c). This arrangement allowed us
to investigate how the intra-droplet self-organization of the active fluid was affected only by the chamber

size, or the oil layer thickness.

2.3: Image and analyze flows

To observe the flows of the active fluids and oil, we doped the active fluids with 0.0004% Alexa
488-labeled 3-um tracer particles (Polysciences 18861-1), which could be imaged with a green fluorescent
protein filter cube (excitation: 440—466 nm, emission: 525-550 nm, Semrock 96372). To characterize the
flow behaviors, we imaged the tracers sequentially for 3 hours, followed by tracking their trajectories x;(t)
with the Lagrangian algorithm.*® These trajectories revealed the evolution of their velocities v;(t) =

dx;(t)/dt, which allowed for measuring their circulation order parameter COP(t) = (v; o (t)/|v; (t)|);,

11



where v;g is the azimuthal component of velocity v; of the i tracer, and { ); indicates averaging of the
tracer particles (Fig. 2-3a). To quantify the coherence of the intra-droplet circulatory flows, we measured
the time-averaged circulation order parameter: (COP(t)),. To reveal flow rates of intra-droplet circulatory
flows, we measured the flow profiles of the azimuthal velocities across the droplet (vy (d)) = (v; g(d, t))¢;,

where d is the distance from the water—oil interface.

To reveal the structure of the flows in the droplet, we measured the time-averaged, normalized

v(x,t)
(lv(x,)])x

w(x,t)
30(t)

velocity fields V(x) = ( )¢ and vorticity distributions Q(x) = ( )¢ » where v(x,t) is the

velocity field measured by analyzing the sequential tracer images with the particle image velocimetry
algorithm,® w(x,t) = [V X v(x, t)], is the corresponding vorticity distribution, and o(t) = std[w(x, t)]
is the standard deviation of the vorticity (Fig. 2-3b).!! By utilizing the particle tracking and particle image
velocimetry algorithms, we quantified the coherences, rates, and structures of the intra-droplet active fluid
flows to evaluate how the self-organization of the active fluid responded to changes in the geometric

parameters of the droplet and oil.
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Fig. 2-3: (a) The time profiles of the azimuthal velocity (vg; blue line) and circulation order parameter
(COP; red line) of the active fluid confined in a water-in-oil droplet. (b) The associated normalized velocity
field (black arrow) and the normalized vorticity map.
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To characterize flows in oil, we doped the oil with 0.002% Alexa 488-labeled 1-pum tracer particles
(Polysciences 18860-1) and conducted the same observations and analyses for active fluid flows. To reveal
flow activities near water—oil interfaces, we measured the flow speed profiles {|v(p)|) = (|v;(p, t)|)¢;,
where p is the radial coordinate relative to the water—oil interface, which demonstrate how fast fluids flow

on two sides of an interface.

2.4: Image and analyze microtubule-based network structure

To characterize the influence of the oil layer thicknesses on the intra-droplet microtubule-based
network structure, we imaged the microtubules at the droplet midplane using confocal microscopy (Leica
SP5 point scanning confocal microscope). The microtubules were labeled with Alexa 647 (following our
previous protocol*®), which were excited with a 633 nm helium-neon laser and observed in a 633-647 nm
window. To reveal the microtubule arrangement in a circulating active fluid, we selected the droplet
geometry (r = 2.4 mm, 2 = 1 mm) and oil layer thickness (A = 2.4 mm) that supported formation of intra-
droplet flows based on our data. To observe the time-averaged network structure, we imaged the network
every 2 seconds for 1 hour and then analyzed the image with the snake algorithm to extract the network
structure, which consisted of unit-length segments (Fig. 2-4b).** We then stacked the segment orientations
from each image and then counted these orientations to reveal the orientational distribution of the
microtubule bundles. To characterize how the bundles oriented at different locations within the droplet, the
distribution was measured near the water—oil interface, ~400 um from the interface, and at the droplet center
(blue, red, and green squares in Fig. 2-4a). To study how the orientational distributions were affected by
the oil layer thicknesses, the measurements were repeated on another sample with the same droplet shape
but different oil layer thickness (A = 1.1 mm) that was proved experimentally suppressed intra-droplet
circulatory flows based on our data. These measurements characterized how the microtubule bundles

oriented at various locations within the same shape of droplets immersed in different oil layers.
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Fig. 2-4 (a) Microtubule network structures were imaged with a confocal microscope at three different
locations: around the water—oil interface (blue), ~400 um from the interface (red), and at the droplet center
(green). (b) The confocal image of the microtubule network at the droplet midplane (left) was analyzed
with the snake algorithm to extract the network structure (right).*®%°

2.5: Establish a continuum simulation platform modeling 3D active droplet systems

To examine whether existing active fluid models®'-%

could describe our water—oil coupling and to
gain deeper insight into the fluid mechanics of our active droplet systems, we adopted the active droplet
model developed by Gao ef al. because it models the coupling between flows within and outside droplets
and has previously suggested the feasibility of developing a self-rotating droplet.’3 To test whether such a
model could describe the role of the oil layer thickness in intra-droplet active fluid flows, we first expanded
the model from 2D to 3D because our droplet system was three-dimensional. In the three-dimensional
droplet system, the model considered two main forces: (1) Interfacial tension force from the droplet surface
T = (yK/e)Vc, where y is the water—oil interfacial tension, € is the interface thickness, K = c¢(c — 1)(c —
1/2) — €?V?c is the chemical potential that characterizes the phase variation within the interface region,
and c is a phase function with ¢ = 1 representing water and ¢ = 0 representing 0il,*! and (2) active stress

exerted by extensile microtubule-based bundles in active fluid that was proportional to the orientational

order of bundles o, = acD,*> where a is an activity coefficient, D = fp ppydp represents the local

nematic order of bundles,”® p represents the bundle orientation, and Y represents the probability

14



distribution of bundles that satisfies the Smoluchowski equation.>® The fluid flows of the system are then
evolved for 3 hours of model time using the finite element method based on the computational fluid

dynamics software COMSOL Multiphysics™.%46> Below are the detailed implementation of the model.

The model first applied a cylindrical no-slip boundary (radius R, height h) with a curved ceiling,
which was identical to the confinement geometry in the experiments (Fig. 2-2b). The boundary was filled
with oil (density p,, dynamic viscosity y,), immersing a concentric cylindrical active fluid (radius r,
density p,, dynamic viscosity i,) modeled as a compressed water-in-oil droplet. The water—oil interface

was modeled as variations of a phase function:

r

c=H (1 _ —sz+yz> (Eq. 2-1)

where H is the Heaviside step function with C(w/x2 +y2 < r) = 1 representing the active fluid and

C(,/x2 +y%> r) = 0 representing the oil. To speed up the simulations and to match our experimental

arrangement for immobilizing the droplets, we fixed the water—oil interface so the phase function was kept

1.% The phase function varied at the water—oil

constant, rather than evolving as in the Cahn—Hilliard mode
interface, which induced interfacial tension forces T = (yK/€)Vc, where y is the interfacial tension, € is
the interface thickness, and K = c¢(c — 1)(c — 1/2) — €?V?c is the chemical potential that characterizes
the phase variation within the interfacial region.! Within the interface, active fluid generated active stress

o, to induce self-driven flows u in incompressible fluids (V - u = 0) that were governed by the Navier—

Stokes equation:

Ju
p (E +u- Vu) = V- [—pl + u(Vu + VuT)] + F, (Eq. 2-2)

where p is the fluid density, p is the fluid pressure, u is the dynamic viscosity of the fluid,and F=T + V -
g, is the net body force. Calculating the net body force required determining the active stress, which was

exerted by the extensile microtubule-based bundles in the experiment. Here, we modeled each extensile
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bundle as a self-elongating rod whose center of mass is x = (x,y,z) orienting at p =
(sin@ cos ¢, sin 6 sin @, cos 8) (Fig. 2-5a). The configurations of these rods were described using a mean-

field probability distribution function W(x, p, t) normalized as fp Ydp = 1. To conserve probability, the

distribution function satisfied the Smoluchowski equation as:

0w
5.tV ) 4V, (BY) =0, (Eq. 2-3)

where V,, = (I — pp)/0p is the surface derivative on the unit sphere.>*%* Considering these rods were
only advected by fluid flows, the translational flux of the rods was determined as x = u — DV In W, where
Dy is the translational diffusion coefficient. The rotational flux induced by the fluid velocity gradient is
p=U—-pp)  (Vu+2{D) p—DrV,In¥, where { is the mean-field torque strength and Dy is the
rotational diffusion coefficient (Fig. 2-5¢).6”7%7? These equations describe the coupling between the fluid
flows and the rods’ translational and rotational distributions, but solving these equations was
computationally expensive. To reduce the computation load, the Smoluchowski equation was coarse-

grained as

oD . I
E—DTADHL-VD=4((D-D—D:S)+Vu-D+D-Vu —2E:S—6DR(D—§), (Eq. 2-4)

Vu+vul
where E =

is the strain rate tensor, D = fp ppW¥dp is the orientational average of the second-

moment tensor of the rod orientation pp, and § = DD.*”® The coarse-grained Smoluchowski equation
allowed for determining the configuration of the self-elongating rods, which generated an active stress that
was modeled to be proportional to the local rod orientational order:** o, = acD, where «a is the activity
coefficient, with @ > 0 representing contracting rods and a < 0 representing elongating rods. The active
stress drove the fluids (Fig. 2-5b) whose flows were determined via the Naiver—Stokes equation (Eq. 2-2),
which in return rearranged the rod configurations (Fig. 2-5c¢) and reformulated the active stress via the
coarse-grained Smoluchowski equation (Eq. 2-4). Both equations formed a feedback loop to simultaneously

evolve the fluid flows, rod configurations, and active stresses.
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Fig. 2-5: (a) The extensile motion of the microtubule-based bundles caused by the force dipoles. (b) The
fluid flow (blue arrow) driven by the force dipoles. (¢) A shear flow induces a torque on the rod and causes
the rod to align with the flow (flow alignment).

To solve these equations and to develop a simulation platform for modeling our active droplet
systems, we expressed both equations in explicit forms that were fed into COMSOL Multiphysics™, which
solved the equations using the finite element method.®*%>747¢ To feed in the Naiver—Stokes equation (Eq.
2-2), we utilized the template of the 3D laminar flow model in the software. This template considers
incompressible fluids (V- u = 0) governed by the Naiver—Stokes equation with a net body force which

could be expressed as

[ 0Dy 0Dy, 0D,y dc dc ac dc
Dyy—+Dyyy—+ D, —

. “\ox T dy AP PRS RRCC P PREET: dy TP g, (&

x aD aD aD dc dc dc| vyK|oc
F=|E|= = el 2 ) 4 Dyy=—+ Dyy—+ Dy — |+ —|==| Eq. 2-5
; ac(@x + dy Tz ) TPt yy8y+ 2 R dy (Eq. 2-5)

z
aD,, 0Dy, 4D, c ac dc dc
LC( ox "oy tas )T Prggt Dy thag, | ol

17



F) -x;i6 r—\/ﬁy2 , 6 r—\/xz—-l-y2 .
Wherea—:i = %, K=c(c—-1) (c —%) —€? [6 (r —x%2+ yz) —%}, and § is the

Dirac delta function. To include the coarse-grained Smoluchowski equation (Eq. 2-4), we rearranged the

equation as:

aD Uy Axx Qxy Qxz fxx fxy fxz
Fran DrAD + Uy |- VD = — [ayx Ayy Qyz|oD + fyx fyy fyz , (Eq. 2-6)
Uz Uzx  Qzy Ozz fzx T zy 2z

where
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u ou
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( ax ) + (Dy, + D,y) <E + % + 6D,
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aux du du
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du,, du,, du,
frxz = 4CDxyDy; + Dy —— Ep =+ D’CJ’E +D,, F +D,, 3
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The rearranged equation was fed into the software using the built-in stabilized convective diffusion
equation. Solving these equations numerically required defining the system domains and the associated
boundary conditions. As such, we imported 3D computer-aided designs (SOLIDWORKS) identical to the
geometries of our experimental containers (Fig. 2-2b) as system domains and then imposed to the domain
surfaces a no-slip boundary condition: u = 0. Because the rods were limited within the domain, we also
imposed a no-flux boundary condition: nn - V¥ = 0, where n represents the unit vectors normal to domain

surfaces, without enforcing rod orientations at boundaries.®” This is equivalent to

fpp(n V¥)dp =n- Vf pp¥dp=n-VD =0 (Eq. 2-7)
P P

To evolve the fluid flows and rod configurations, we initialized the fluids as quiescent fluids (u =

0) under uniform pressure (p = 0) with uniformly suspended isotropic rods whose translational and

orientational distributions were perturbed with 15 random modes:>*7”

15
1 + 2 €;P;(p) cos(k; - x +¢;)|, (Eq. 2-8)

i=1

1

which determined the initial second moment tensor as:®
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15
I 1
D(x,0) = f pp¥(x,p,0)dp = 3t EZ €; cos(k; - x + ¢;) f ppP;i(p)dp, (Eq. 2-9)
p i=1 p

where €; is the random numbers in [—0.01, 0.01], k; is the random wave numbers whose components are
random numbers in [rr, 157] mm™?, ¢; is the random phases in [0, 2], and P;(p) = ?:1 Yroq fl-jkg,{ is
the random polynomials of sine and cosine with §;j; as the random numbers in [0, 1] and g; defined as:

g1 = sin(0), g, = cos(0), gz = sin(¢), and g, = cos(¢). The initialized second moment tensor and
fluid flow were evolved for 3 hours of model time using the selected model parameters (Table 2-1). The
resulting flow field u was analyzed to determine the circulation order parameters and flow profiles, which

were compared with experimental outcomes.

Symbol Description Value

a Activity coefficient (a < 0: enlogating rods; a > 0: contracting rods). —50 Pa

y Water—oil interfacial tension at 25 °C. 0.072 N/m

€ Thickness of the water—oil interface of droplets immersed in oil. 50 um
Dy Translational diffusion coefficient of rods. 0.011 m?/s
Dp Rotational diffusion coefficient of rods. 10 st

¢ Mean-field torque strength on rods induced by flow velocity gradient. 100 s!

Pa Density of active fluid (96% water) at 25 °C. 997 kg/m?
Po Density of oil (hydrofluoroether, 3M Novec 7500) at 25 °C.” 1614 kg/m?
Ug Dynamic viscosity of active fluid (96% water) at 25 °C. 0.00089 Pars
Uo Dynamic viscosity of oil (hydrofluoroether, 3M Novec 7500) at 25 °C.7 0.00124 Pars

Table 2-1: Descriptions and values of parameters used in the simulations.’® The activity coefficient,
translational diffusion coefficient, and rotational diffusion coefficient were selected to match the flow
speeds in the simulation with those in the experiments (~10 um/s). The mean-field torque strength was
selected to be four times larger than the rotational diffusion coefficient ({ > 4Djy) to enforce strong flow
alignment of the rods.* The water—oil interfacial tension was approximated as the surface tension of water
at 25 °C.”
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2.6: Design wall-movable fluidic devices

To control the layer thickness of the oil that immersed the droplet in real time, we designed a fluidic
device whose wall was movable. The wall-movable device was designed based on the mechanics of a
mechanical iris, which has been conventionally used to tune the aperture size of optical devices.*® However,
a conventional mechanical iris component consists of at least six blades. Fabricating a six-blade mechanical
iris at the micron scale was challenging because blades at this scale bent spontaneously in our fabrication
process and could not be assembled. As such, we simplified the device design to contain only one blade,
which allowed the blade to be thick enough (1,000 um) to remain flat (pink components in Fig. 2-6).3® The
thickened blade was pinned to a cylindrical container where the pin was constrained in a radial groove of
the container and would move toward the chamber center when the blade was rotated counterclockwise.
This blade rotation caused the blade to approach its midpoint to the chamber center by 1.4 mm, and the
chamber was shrunken (left to right in Fig. 2-6). Conversely, when the blade was rotated clockwise, the pin
and blade midpoint moved away from the chamber center, which expanded the chamber (right to left in Fig.
2-6). To enclose the chamber, we glued to the container a curved ceiling and fluorophilic glass with epoxy
(Bob Smith Industries BSI-201). Once the glue was cured, oil and active fluid could be pipetted into the
chamber via the loading channel, followed by sealing the channel with epoxy. While the channel was sealed,
the chamber remained semi-open because the movable blade required a gap between the ceiling and floor.
This gap would allow oil to evaporate and subsequently create air bubbles that could influence experimental
outcomes. To minimize the influence of oil evaporation, we overflowed the gap and blade with oil so that
the blade was below the oil surface. This arrangement allowed us to rotate the blade without exposing the
chamber to air so the chamber could be shrunken or expanded while filled with oil. This device allowed us
to tune the oil layer thickness in sifu so as to control the formation and deformation of intra-droplet

circulatory flows in real time.
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Fig. 2-6: Schematics of the wall-movable milli-fluidic device used to manipulate the layer thicknesses of
the oil that immersed an active droplet.’® The device consisted of a container (gray) that had a cylindrical
chamber (radius R = 5 mm, height 1.5 mm), a curved ceiling (R;= 0.5 mm, Ry=R= 5 mm, light green) that
sat on the dark-green platform to enclose the chamber, and a blade (pink) that altered the oil layer thickness.
The blade comprised a blade body whose inner side wall served as a movable boundary of the chamber, a
pin that was constrained in a groove of the container, and a handle used to manually rotate the blade body
around the pin during experiments. Rotating the blade counterclockwise slid the pin inward, shifted the
blade midpoint toward chamber center by 1.4 mm, and thus shrank the chamber (left to right). Conversely,
rotating the blade clockwise slid the pin outward, shifted the blade midpoint away from the chamber center,
and expanded the chamber (right to left). This device enabled real-time tuning of the layer thickness of the
oil that immersed the droplets.

2.7: Design ceiling-adjustable fluidic devices

To control the shape of the droplet in real time, we needed a milli-fluidic device whose ceiling
could be tuned manually. To fabricate such a device, we separated the ceiling from the rest of the fluidic
device and attached to the ceiling a handle to manually move the ceiling vertically. We also attached a
hanger to hold the ceiling on top of the device chamber (Fig. 2-7a). To control the vertical position of the
ceiling, we designed three platforms with different heights that were placed outside the edge of the device
chamber (green, blue, and red) where we could hang the ceiling to adjust its height from 4z =1 to 3 mm (Fig.
2-7b).*® Finally, because the system was not sealed, the oil could evaporate over time, which might
introduce air bubbles that could influence the experimental outcomes. To minimize the influence of oil

evaporation, we immersed the system (including the device chamber and ceiling) in an oil bath enclosed in
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a Petri dish. This device enabled us to control the droplet shape in real time so as to tune the self-

organization of intra-droplet flows in situ.
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Fig. 2-7: Design of a ceiling-movable milli-fluidic device for manually compressing a droplet. (a)
Schematic of the device design.*® We designed the droplet to be compressed in a cylindrical well (radius
R =5 mm) with a movable ceiling. The ceiling consisted of a handle used to manually adjust the ceiling
height, a curved ceiling (R, = 0.5 mm, R, = 5 mm) used to fix the droplet at the ceiling center, and a
hanger that was designed to sit on the colored platforms (green, blue, and red) to place the ceiling at various
heights (h). To ensure that the droplet remained in oil while moving the ceiling, we submerged the central
well, ceiling, and platforms in oil that was held in a cubical container (gray walls). The front side of the
container was transparentized to visualize the platform design. (b) Schematic demonstrations of
compressing a water-in-oil droplet (cyan) utilizing the colored platforms. From left to right, the ceiling
hanger was placed on green, blue, and red platforms, causing the ceiling to compress the droplet with the
heights of 7 =1, 2, and 3 mm, respectively. The dashed lines indicate cross-section planes.
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Chapter 3 : Results and Discussion
3.1: Confining the active fluid in an immobilized active droplet
To create a fluid cylindrical boundary, we confined the active fluid in a water-in-oil droplet
compressed between a pair of plates. Because of interfacial tension, the droplet was deformed into a
cylinder-like geometry.*’ Because the droplet interface was positioned between two types of fluids (oil and
water), the interface was fluid.®! As such, the compressed droplet provided a fluid cylindrical boundary to

333537 30 we curved the top plate into

confine the active fluid. However, the compressed droplet was motile,
a dome-like shape to fix the droplet at the dome center to allow the long-term observation of the intra-
droplet flows (Fig. 2-2b). We observed that the confined flows self-organized into a droplet-wise circulatory
flow'? and that the circulation depended on the thickness of the oil layer surrounding the droplet (Fig. 3-1a).

A thicker oil layer supported the intra-droplet circulatory flows, which were suppressed when the thickness

of the oil layer was decreased.

To quantify the coherence of the circulatory flows, we added fluorescent tracer particles to track
the fluid flows. The circulation order parameter (COP) was defined as the average fraction of the azimuthal
component in the flow velocity: COP = (v; g/|v;|);, where v, is the azimuthal component of velocity v;
of the i tracer, and ( ); indicates averaging of the tracer particles.!! COP = 1 indicates a perfect
counterclockwise circulation; COP = —1 indicates a perfect clockwise circulation; and COP = 0 indicates a
random flow. The COP analyses revealed that the circulatory flow took approximately 1 hour to develop
but remained at a steady state for hours thereafter. By contrast, the COP fluctuated when the thickness of
oil was shrunken (Fig. 3-1b). These results demonstrated that self-organization of the active fluid confined
in fluid boundaries depended on parameters outside the boundaries; thus, there was a need to systematically
characterize how the intra-droplet fluid behaviors were influenced by the geometric parameters of oils as

well as droplets.
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Fig. 3-1: Flows within a water-in-oil active droplet are influenced by oil configurations. (a) An active
droplet (r = 2.4 mm, & = 2 mm) confined in an oil layer whose thickness was A =~ 2.6 mm developed a
circulatory flow (left). The circulatory flow was suppressed by decreasing the oil layer thickness to A = 1.1
mm (right). Black arrows represented time-averaged velocity flow fields normalized by the flow mean
speed. The color maps represent normalized vorticity distributions, with red and blue tone colors
representing clockwise and counterclockwise vorticities, respectively. (b) Evolution of circulation order
parameter (COP) of flows within the active droplets in a (blue: left; red: right).

3.2: Intra-droplet circulatory flows formation depends on the geometries of droplets and oils

To investigate how the intra-droplet flows were influenced by the shapes of the droplets and oils,
we first prepared a series of oil baths (R = 5 mm) that immersed various compressed active droplets with
the same height (h = 1 mm) but different radii (r = 0.5-5 mm), followed by measuring the corresponding
circulation order parameters. Our measurements revealed that circulatory flows developed when the droplet

radii were smaller than a critical radius (1, = 2.4 mm); enlarging the droplets above this limit suppressed
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the circulatory flows (Fig. 3-2a). Moreover, we found that such critical radius was reduced (7. = 1.4 mm)
when the oil bath was shrunken (R = 3.5 mm; Fig. 3-2b), demonstrating the role of oil configuration in the

formation of intra-droplet circulatory flows.
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Fig. 3-2: The intra-droplet circulatory flows depended on the dimensions of the droplets and oil. (a) The
droplets immersed in an oil of radius R = 5 mm developed circulatory flows when their radii were r < 2.4
mm. Enlarging the droplets above this limit suppressed the formation of the circulatory flows. (b) However,
such critical radius was altered when the oil was shrunken to a radius of R = 3.5 mm. In this case, the
circulation transition was shifted to r = 1.4 mm, highlighted by the shaded pink area. The shift implied that
the intra-droplet circulatory flows were affected by the oil dimensions and by the droplet shapes. Each error
bar represents the standard deviation of the time-averaged circulation order parameter.
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3.3: Circulatory flows within water-in-oil droplets depended on the oil layer thicknesses

To characterize the influence of the oil configuration on intra-droplet flows, we systematically
varied the size of the oil bath (R), or equivalently the thickness of the oil layer surrounding the droplet (A
~ 0—11 mm) while fixing the droplet shape (r = 2.4 mm, h = 2 mm), followed by measuring the circulation
order parameter as a function of oil layer thickness (Fig. 3-3a). Our measurements revealed that the intra-
droplet flows were sensitive to oil configurations when the oil layers were thinner than a critical thickness
(A; = 4 mm); oil layers thicker than this limit did not influence intra-droplet flows. Based on this
observation, we hypothesized that such critical thickness of oil layers originated from the water—oil
coupling near the interface, which should not be sensitive to droplet geometries.>” To test our hypothesis,
we repeated the measurements on three different droplets (Fig. 3-3b-d). Our repeated measurements showed
that across our explored droplet geometries, there existed a similar critical thickness. When the oil layer
was thinner than this thickness, the circulation order parameters varied quickly, whereas when it was thicker,
the circulatory flows remained intact. Such a universal critical thickness implied that the intra-droplet active
fluid was coupled to the oil within the critical thickness from the interface, which is consistent with our

hypothesis.

To investigate how this coupling affected the flow rates of intra-droplet circulation, we analyzed
the flow profiles of azimuthal velocities and found out that the oil layer thickness influenced the flow
velocity (Fig. 3-3e-h). Thickening oil layers irregularly accelerated, decelerated, or even ceased circulatory
flows, which agreed with our measurements in circulation order parameters (Fig. 3-3a-d). Such irregularity
revealed a nonlinear influence of the water—oil coupling on circulatory flows. Despite the complex nature
of the water—oil coupling, our data demonstrated that the oil configuration could direct the self-organization

of intra-droplet active fluid through the water—oil interface.
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Fig. 3-3: Intra-droplet circulatory flows depended on the thicknesses of the extra-droplet oil layers A. (a-d)
The circulation order parameter as a function of A for four different droplets. Across these droplets, the
intra-droplet flows varied rapidly when the oil layer was thinner than ~4 mm (red dashed line), whereas the
oil layers thicker than this limit did not affect intra-droplet flows. Each error bar represents the standard
deviation of the time-averaged circulation order parameter. (e-h) Flow profiles of azimuthal velocities vy
taken at droplet midplanes. Each curve represents the averaged flow velocity of the data point shaded in the
same color in the same row of a-d. These curves demonstrate that varying the thickness of the oil layer
without contacting the droplets altered the structures and rates of intra-droplet flows.
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3.4: The oil layer thickness influenced intra-droplet microtubule-based network structure

The intra-droplet fluid flows were powered by a kinesin-driven, microtubule-based network. To
explore whether this network structure was affected by the oil configuration, we imaged the network with
confocal microscopy and analyzed the images with the snake algorithm to extract the network structure
(Fig. 2-4b) and reveal the bundle orientational distributions (Fig. 3-4).3° Our analyses revealed that when
the droplet (r = 2.4 mm, # = 1 mm) developed circulatory flows, the microtubule bundles mostly aligned
near the water—oil interface (blue solid curve in Fig. 3-4). The alignment faded with increasing distance
from the interface until reaching the droplet center where the microtubule bundles oriented randomly (red
and green solid curves). These observations demonstrated that circulatory flows within droplets were
accompanied with a thin nematic layer of microtubule bundles near water—oil interface.!! Furthermore, such
formation of the nematic layer was suppressed when the thickness of the oil layer was decreased (dashed
curves), implying that fluid dynamics in oils could penetrate water—oil interfaces to influence the self-
rearrangement of the microtubule-based network in the droplet, consistent with our observations on the oil

layer-dependent circulatory flows (Fig. 3-3).
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Fig. 3-4: Orientational distributions of microtubule bundles when intra-droplet flows were circulating (solid,
A =2.4 mm) and not circulating (dashed, A = 1.1 mm). Blue, red, and green represent the different locations
within the droplet as indicated in a. Circulating flows were accompanied with aligned microtubule bundles
tilting from ~15° (solid blue curve) to 45° (solid red curve) as away from the water—oil interface, whereas
in non-circulating flows (dashed curves), the bundles oriented isotopically.
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3.5: Active fluid induced chaotic flows in oil

Our data demonstrated that the layer thickness of the oil used to immerse the droplet influenced the
self-organization of the intra-droplet active fluid flows. This finding suggested an interaction between flows
in the oil and in the droplet. To reveal such a water—oil interaction, we monitored the flows both in oil (A =
2.4 mm) and in the droplet (r = 2.4 mm, h = 1 mm). To distinguish the flows in both regimes, we doped
the oil with 1-um tracers and the droplet with 3-um tracers (Fig. 3-5a). We monitored the tracers for 1 hour,
tracked the tracer motion to analyze the flows in the oil and droplet, and plotted the time-averaged velocity
field and vorticity map (Fig. 3-5b). Our analysis showed that the intra-droplet active fluid developed a
circulatory flow, as expected from our data (Fig. 3-3b), but there was no observable net flow in oil. To
confirm the lack of net oil flows, we analyzed the flow profiles of azimuthal velocities, which showed that
the active fluid developed ~6 pm/s circulatory flows within the droplet, but show flows vanished when
crossing the water—oil interface (blue curve in Fig. 3-5¢). When the thickness of the oil layer was decreased
(A = 1.1 mm), the circulatory flows were suppressed, but the net oil flows remained absent. However, the
absence of net oil flows did not necessarily imply a quiescent oil, as zero net flows could also result from
chaotic flows whose velocities canceled out over a time average.!' To investigate the flow activity in the
oil and in the droplet, we analyzed flow speed profiles, which showed that oil near the interface developed
2—4 um/s chaotic flows that decayed with distance into the oil regime, with a decay length of ~0.5 mm (Fig.
3-5d). This decay length suggested that the dynamics of the intra-droplet active fluid were coupled to the
oil near the interface with a millimeter-scale coupling length, which implies that disturbances to the oil
(such as stirring) within this coupling range might influence the intra-droplet active fluid flows even if the
disturbance does not physically contact the droplet. Conversely, when the disturbance is outside of this
coupling range, the active fluid might remain intact. This suggestion was consistent with our observation
that the arrangement of the oil immersing a droplet affected the formation and deformation of the intra-

droplet circulatory flows when the oil layer was thinner than a critical thickness (Fig. 3-3).
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Fig. 3-5: Active fluid induced chaotic flows in oil. (a) Micrographs of an active droplet (r = 2.4 mm, h =
1 mm) immersed in oil (A = 2.4 mm). To track the flows, the active fluid and oil were doped with tracers.
The gray curve represents a water—oil interface. (b) Time-averaged normalized velocity field and vorticity
map revealed an intra-droplet circulatory flow immersed in an idling oil. The velocity field and vorticity
map were plotted as in Fig. 3-1a. (¢) Flow profiles of azimuthal velocities taken at midplanes of two droplets.
The droplets had the same geometry (r = 2.4 mm, h = 1 mm) but were immersed in different oil layers
(A). The thicker layer supported intra-droplet circulatory flows (blue curve), whereas in the thinner layer
the flows were chaotic (red curve). However, regardless of how the active fluids flowed within the droplets,
the oil developed no net flow. Dashed line indicates the water—oil interface. Inset: Schematic of horizontal
axis p of the plot. p > 0 represents the oil regime; p < 0 represents the droplet regime. (d) Flow speed
profiles in the corresponding droplets in c. Both profiles extended across the water—oil interfaces into the
oil regime (p > 0), demonstrating that the active fluid flows near the interface drove the nearby oils. Inset:
Close-up of the profiles near the water—oil interface.
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Our result on oil flow characterization is qualitatively consistent with the model prediction by
Young et al. who predicted that the oil remained quiescent when the active droplet developed circulation
and was driven to flow otherwise.®” Our data showed that the oil flow only developed near the water—oil
interface when the droplet was in a circulating state (blue curve in Fig. 3-5d) but extended to the container
surface (o = 1.1 mm) when the droplet was in a chaotic state (red curve). However, Young et al. predicted
that the intra-droplet circulation was accompanied with a counter-rotation near the water—oil interface,
which was observed in bacterial-based active droplet,'* whereas our data did not show this counter-rotation
(Fig. 3-3e-h and Fig. 3-5c¢). We argue that the reason accounting for this discrepancy was system
dimensionality as Young ef al.’s model and the bacterial-based active droplet system were both two-
dimensional, whereas our active droplet was a three-dimensional system where the ceiling and floor of
confinement might have induced additional friction that inhibited the development of counter-rotation near

the interface.

3.6: Continuum active fluid simulation qualitatively agreed with experimental outcomes
We demonstrated that the coupling of flows within and outside droplets influenced the self-
organization of intra-droplet flows. Simultaneously, the active fluid was modeled using swimmer-based

51,52

simulation, where active fluid flows result from the collective motion of interacting active particles,”'~* and

33-36 or nematic®”?), which treat active

continuum equations of mean fields of active particles (either polar
particle-induced active stress as the driving force that leads to field instability and induces self-driven
flows.%° The model was also applied to describe the active fluid encapsulated in a water-in-oil droplet, and
it has been reported that intra-droplet flows can induce flows in oil.>* However in the model, whether the
configuration of oil (such as the oil layer thickness) can, in return, influence self-organization of intra-
droplet flows remains untested. To test capability of the model to describe an oil-induced influence and to
investigate the fluid mechanics in our active droplet-based experimental system, we adopted the active fluid

model established by Gao et al. because their model not only includes multiphase fluids (oil and water)

along with associated interfaces, but it also succeeds in describing the self-propelling and self-rotating
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characteristics of active droplets.*® To adopt the model to our experimental system, we first expanded the
model from 2D to 3D, which matched our system dimension but increased the computation load. To
increase the computation efficiency, we artificially fixed water—oil interfaces, which matched to our
experimental arrangement of immobilizing active droplets using curved ceilings (Fig. 2-2b). The model
contained four main ingredients: (1) Conservation of mass (the Smoluchowski equation),®” (2) Fluid

1

mechanics (the Navier-Stokes equation), (3) Interfacial tension force,®' and (4) Nematic order-induced

active stress.®” To numerically solve these equations to determine the evolution of solvent flows, we adopted

the finite element method and evolved the equations for 3 hours of model time .5+

To test the model’s capability to describe our experimental system, we arranged two simulation
systems with identical droplets (r = 2.4 mm, h = 2 mm) that were immersed in oil layers of different
thicknesses (A = 1.1 and 2.6 mm). The simulation revealed that the droplet immersed in the thicker oil
layer developed stable persistent intra-droplet circulatory flows. By contrast, in the thinner oil layer, the
circulatory flows were suppressed, and the flows remained chaotic (Fig. 3-6a&b inset), suggesting that in
the simulation, the thickness of the oil layer influenced the intra-droplet flows. To characterize the oil-
induced influence, we systematically varied the oil layer thickness (0—9.6 mm) while maintaining the
droplet geometry, and then analyzed the time-averaged circulation order parameter within each droplet (Fig.
3-6b). Our analysis showed that the circulation order parameter was sensitive to the oil layer thickness when
the layer was thinner than ~2.2 mm, suggesting that the flows within and outside droplets were coupled. To
reveal such coupling, we analyzed the flow profiles of azimuthal velocities across water—oil interface (Fig.
3-6¢), which showed that intra-droplet circulatory flows induced a thin layer of circulatory flow in oils with
a layer thickness of 0.3—2 mm. For the non-circulating droplet, the intra-droplet flows were chaotic and did
not induce net flows in oil. However, our analysis on the flow speed profiles revealed that oil near the
interface developed flows with a thickness of ~1 mm (magenta curve in Fig. 3-6¢ inset), suggesting that

intra-droplet fluid flows of active fluid induce oil flows near the interface.
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Fig. 3-6: Simulating compressed water-in-oil droplets using continuum active fluid equations. (a) Time-
averaged velocity fields and vorticity maps taken at the midplanes of compressed droplets (r = 2.4 mm,
h =2 mm) immersed in oil layers of different thicknesses (A). The velocities and vorticities were plotted
as in Fig. 3-1a. Gray curves represent the water—oil interfaces; blue and red curves represent the no-slip
boundaries. Droplets immersed in a thicker oil layer (A = 2.6 mm) developed circulatory flows (left),
whereas in a thinner oil layer (A = 1.1 mm) the circulatory flows were suppressed (right). (b) Circulation
order parameter as a function of the layer thickness of the oil that immerses a compressed droplet (r = 2.4
mm, h = 2 mm). The intra-droplet flows were sensitive to oil layer thickness when the thicknesses were
thinner than ~2.2 mm. Each error bar represents the standard deviation of the time-averaged circulation
order parameter. Inset: Evolution of circulation order parameters within the corresponding droplets in a. (c)
Flow profiles of azimuthal velocities vy taken at droplet midplanes. The horizontal axis is the same as in
Fig. 3-5c¢&d. Each curve represents the averaged flow velocity of the data points shaded in the same color
in b. Dashed lines represent the water—oil interface. These flow profiles demonstrated that intra-droplet
circulatory flows induced a thin layer (0.3—2 mm thick) of circulatory flow in oil near the interface,
indicating that flows within and outside the interface were coupled. Inset: Flow speed profiles near the
droplet interface.
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These simulation outcomes were qualitatively consistent with our experimental characterizations
of the coupling of intra-droplet and extra-droplet flows (Fig. 3-3& Fig. 3-5). These consistencies
demonstrated that the simulation model could describe the oil-water coupling, as well as how the coupling
influenced the intra-droplet flows of active fluid. However, the simulation failed to match two of our
experimental outcomes. First, the simulation showed that the intra-droplet fluid flows became chaotic when
oil layers were thicker than ~5.6 mm (Fig. 3-6b), whereas in our experimental data, the intra-droplet fluid
flows were insensitive to the oil arrangement when the oil layers were thicker than ~4 mm. Second, the
simulation predicted the induction of circulatory flows in oil driven by intra-droplet circulation (Fig. 3-6¢),
whereas in the experiments, oil developed no net flows regardless of how the fluid flowed within droplets
(Fig. 3-5¢). We argued that these discrepancies could be mitigated by removing the constraints on fixing
the water—oil interface and allowing the interface to deform, following the rules of spontaneous phase
separation of oil and water (the Cahn-Hilliard model),’® which was neglected in our simulation to achieve
a more efficient computation. Overall, despite these discrepancies, our simulation model qualitatively
agreed with the experimental outcomes and thus opened the door to utilizing the established simulation

platform to guide experimental design in active droplet systems.

3.7: Active fluid—oil flow coupling from the perspective of a cross-correlation function

Our simulation platform revealed that flows of active fluid were coupled to those of oil across the
water—oil interface with a millimeter-scale coupling length (Fig. 3-6¢). To gain deeper insight into this
coupling, we analyzed the normalized same-time velocity—velocity spatial cross-correlation function
between the flows of active fluid and oil:

(Vo(x + AX,t) - vy (X, E))xr
(Vo (x,t) -0y, (X, 1)) x

C(AX) = , (Eq. 3-1)

where v, is the 3D flow velocity field in oil, v, is this in active fluid, and { ), indicates averaging over

time and active fluid region. The correlation function of confined active fluid is reportedly influenced by
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boundary geometries.'>#85 Therefore, to minimize the influence from the top and bottom boundaries (z =
0 and h), we only considered flows at the midplane (z = h/2). To address the flow coupling near the water—
oil interface, we only considered the active fluid flows that were within 100 um of the interface (|r — x| <
100 um). To reveal the interaction range between active fluid and oil, we averaged the correlation function

over the orientation:
C(AX) =(C(AX))|ax|=ax- (Eq. 3-2)

Our analysis revealed that the correlation function decayed nearly exponentially with increasing

~AX/L \here L is the correlation length),

distance between an active fluid element and oil element (C~e
suggesting that the active fluid—oil interaction is short ranged (Fig. 3-7a). To quantify the interaction range,
we extracted the correlation length L and then analyzed the correlation length as a function of oil layer
thickness (Fig. 3-7b). Our analysis revealed that the correlation length linearly increased with the oil layer
thickness (L = A), eventually reaching saturation (L = 1.4 mm). The linear increase indicated that the
active fluid flows were coupled to the oil flows throughout the oil region. Hence, the geometry of the oil
affected the active fluid flows, which was consistent with our observation that the circulation order
parameter in the active fluid changed rapidly with the oil layer thickness when the thickness was small (A <
2 mm in Fig. 3-6b). The saturation indicated that the range of active fluid—oil interaction has an upper limit
(~1.4 mm) above which the motion of oil elements did not affect the active fluid. Such an indication was
consistent with our observation that the circulation order parameter in the active fluid was independent of
the oil layer thickness when the oil layer was sufficiently thick (A > 2 mm in Fig. 3-6b). Moreover, the
scale of the analyzed correlation length (~1.4 mm; Fig. 3-7b) was consistent with the observed coupling
length (~1 mm; Fig. 3-6¢). This consistency supported our assertion that active fluid and oil interact across

the water—oil interface with a millimeter-scale interaction range.

37



00 05 1.0 15 20
AX (mm) oot /

0.0 0.5 1.0 15 2.0 0.0 20 20 6.0 5.0 100
AX (mm) A (mm)

Fig. 3-7: Simulations revealed that flows inside and outside the droplets were correlated with a correlation
length that increased with the oil layer thickness. The droplet had the same geometry as in Fig. 3-6 (r =
24 mm, h = 2 mm). (a) Normalized same-time velocity—velocity spatial cross-correlation functions
between active fluid near the water—oil interface (within 100 pm) and oil for various oil layer thicknesses
A. The correlation functions decayed with increasing distance between active fluid element and the oil
element (AX). Inset: The initial decay length (defined as the correlation length) L of the correlation function

was extracted by excluding the correlation data below 0.3 (gray dots) and fitting the remaining correlation

data (olive dots) to an exponential function: e "%/l with L as a fitting parameter (red line). (b) The

correlation length increased linearly with the oil layer thickness (dashed red line) before reaching saturation
(black dashed line). Error bars represent uncertainties in fitting the correlation function to an exponential
function (inset in a).

3.8: Triggering and suppressing intra-droplet circulatory flows in real time

We demonstrated that the formation of intra-droplet circulatory flows depends on droplet
geometries and the oil layer thickness (Fig. 3-2 & Fig. 3-3). This knowledge suggested the feasibility of
designing milli-fluidic devices that can manually shape droplets or tune the oil layer thickness to control
the formation and deformation of circulatory flows in real time. To manually tune the oil layer thicknesses,
we compressed an active droplet (2 =2 mm, r =~ 2.4 mm) in a cylindrical container whose wall was movable
(pink blades in Fig. 3-8a). Moving the wall toward the droplet reduced the amount of oil surrounding the
droplet (minimum oil layer thickness A,, = 1.2 mm,; Fig. 3-8a left). This arrangement resulted in chaotic
flows of active fluid (|COP| < 0.2; Fig. 3-8b). To trigger circulatory flows, we moved the wall away from
the droplet to increase the oil layer thickness (4,, = 2.6 mm; Fig. 3-8a middle); after ~30 minutes, the
active fluid developed circulatory flows (COP = 0.4-0.6; Fig. 3-8b). The flows lasted for ~1 hour and then

transitioned to chaotic flows after we moved the wall back toward the droplet (4,, = 1.2 mm; Fig. 3-8a
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right). These results demonstrated that we could develop and inhibit intra-droplet circulatory flows locally,
which implied the feasibility of controlling intra-droplet active fluid flows in real time without physically

contacting the droplet.

00 05 10 15 20 25 3.0
Time (h)

Fig. 3-8: Manipulate the oil layer thickness to trigger and suppress intra-droplet circulatory flows in real
time. (a) Schematics of manipulating the oil layer thickness with a movable wall (pink). The wall was
anchored to a cylindrical container (gray) by a pin (red dot) that could only move radially (dashed black
lines). Moving the pin toward the container center rotated the wall counterclockwise and reduced the
minimum oil layer thickness (4,,), whereas pushing the pin outward rotated the wall clockwise and
increased the oil layer thickness. The device enabled tuning the oil layer thickness by manually moving the
pin. The device design that realized such wall manipulation is shown in Fig. 2-6. (b) The evolution of
circulation order parameter of flows in a droplet (r = 2.4 mm, h =2 mm) revealed that increasing the
minimum oil layer thickness (4,,,) regulated the chaotic flows into circulatory flows (left pink to middle
cyan areas). Conversely, decreasing the minimum oil layer thickness suppressed the circulatory flows
(middle cyan to right pink areas).
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To manually shape the droplets, we compressed the droplet in a cylindrical container with a
movable ceiling (Fig. 3-9a). Since the droplet was deformable, tuning the amount of compression on the
droplet altered its shape. We first compressed the droplet to a cylinder-like geometry (r = 2.0 mm, h =2
mm), which supported the formation of circulatory flows (COP = 0.4-0.6, Fig. 3-9b). The circulatory flow
persisted for ~40 minutes before manually suppressed (|COP| < 0.2) by lifting the ceiling (h = 3 mm),
which shaped the droplet into a taller, cylinder-like geometry (r = 1.7 mm, h = 3 mm). Conversely, the
intra-droplet circulatory flow could be manually triggered by deforming the droplet from a taller (r = 1.7
mm, h =3 mm) to a shorter (r = 2.0 mm, h = 2 mm) cylinder-like geometry, which caused the intra-
droplet fluid to first flow irregularly and then to develop a circulatory flow (Fig. 3-9c). These results
demonstrated that manually shaping the droplet could turn on and off intra-droplet circulatory flows locally.
These findings pave the way for designing fluidic devices that can shape deformable boundaries to direct

the self-organization of confined active fluids in real time.
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Fig. 3-9: Suppress and trigger intra-droplet circulatory flows in real time using a ceiling-tunable device. (a)
Schematic of compressing a droplet with a movable ceiling to manually tune the droplet height. Because
the droplet volume was conserved, decreasing the droplet height / enlarged the droplet radius » and vice
versa. (b) Circulatory flows within a droplet were suppressed by decompressing the droplet (cyan to pink
areas). The decompression reduced the droplet radius from r = 2.0 to 1.7 mm. (¢) Conversely, compressing
the droplet regulated the chaotic flows into circulatory flows (pink to cyan areas). The compression
expanded the droplet radius from r = 1.7 to 2.0 mm.
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Chapter 4 : Conclusion

We have demonstrated how the self-organization of the confined active fluid was influenced by
fluid boundaries. The influence originated from the coupling of fluids on both sides of a boundary with a
millimeter-scale coupling length. Our experimental data indicated that within this coupling range,
disturbance outside the boundary influences the formation and deformation of circulatory flows inside the
boundary without the need for physically deforming the boundary, in contrast to our previous work where
circulatory flows depended solely on the geometry of no-slip solid boundaries.!! Despite the observation of
multi-fluid coupling, the underlying principles governing such coupling, along with associated fluid
mechanics, has remained unclear. Thus, understanding such coupling dynamics and their interactions with
the boundaries is an essential next step to unravel the dynamic role of fluid boundaries locating at interfaces
between passive and active fluids.®® To investigate this issue, we developed a continuum simulation
platform based on existing active fluid models that qualitatively reproduced our experimental outcomes.
The simulation platform allows for sweeping multiple parameters to guide experimental designs that

efficiently characterize such interfacial coupling.

Our experimental data demonstrated that the formation of intra-droplet circulatory flows depended
on the droplet shape and the layer thicknesses of the oil that immersed the droplets. These observations
enabled us to develop two milli-fluidic devices that could trigger or suppress intra-droplet circulatory flows
in real time. One device allowed for manually compressing droplets to desired shapes that supported or
opposed formation of intra-droplet circulatory flows. The other device enabled us to suppress intra-droplet
circulatory flows by locally manipulating the oil flows to disturb active fluid flows through the water—oil
coupling near the interface without physically contacting the droplets. These two systems provide the
biology community with in vitro model systems to probe how the deformation of cell membranes or the
disturbance of fluids around cells influences intracellular activities. They can also be used in the
development of cell treatment modalities for cells that are sensitive to biomedical approaches and can only

be treated with physical methods, such as deforming cells and imposing shear flows.*”*¥ In mechanical
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engineering, these systems pave the way to designing an active fluid-driven machine with adjustable output

power.%
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Supplemental Information

S1: Influence of the ceiling geometry on the intra-droplet active fluid behavior

1,33:333790 preventing us from observing

Compressed active droplets have been reported to self-prope
intra-droplet flows for long durations with a fixed observation window. As such, we fixed the droplet by
curving the ceiling of the fluidic device into a dome-like shape and then drilled a thin well at the dome
center to reinforce droplet immobilization (Fig. 2-1a). However, these shape modifications changed the
droplet geometries, which might influence the self-organization of active fluids in droplets. Here, we

examined how the intra-droplet active fluid flows were influenced by the geometric parameters of the

ceilings (i.e., the well dimensions and dome shape).

Influence of well dimensions. First, we investigated the role of the well geometry on intra-droplet flows.

The well was cylindrical; its geometry depended on its height (or depth) and radius. To examine how these
parameters influenced intra-droplet flows, we measured the circulation order parameter within a droplet

while varying the well radii (Fig. Sla) and depths (Fig. S1b) separately.
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Fig. S1: Intra-droplet circulatory flows were not significantly influenced by the well dimensions.
Geometries of the half-spheroidal domes were fixed (R, = 0.5 mm, R, = 5 mm). Varying either the well
radii (a) or the well depths (b) did not significantly alter the circulation order parameter, suggesting that the
wells did not play a substantial role in intra-droplet flows. In this study, we chose a well with a radius of 1
mm and a depth of 0.2 mm to reinforce the droplet immobilization. Each error bar represents the standard
deviation of the time-averaged circulation order parameter.
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Across our explored parameters, our measured circulation order parameters remained steady
(fluctuating between 0.4 and 0.6), suggesting that the well geometry did not play a significant role in the
formation of intra-droplet circulatory flows. In this study, we chose a well geometry (depth 0.2 mm, radius
1 mm) whose COP could not be distinguished from the case without a well (within error bars). We expected
that imposing this well to ceilings could reinforce droplet immobilization while minimizing the well’s

influence on intra-droplet active fluid flows.

Influence of dome shape. Next, we characterized how the intra-droplet active fluid flows were
influenced by the dome shape. The dome was shaped into a half-oblate spheroid whose geometry depended
on its vertical and horizontal semi-axes (Fig. 2-1a). To characterize how the dome geometry influenced
intra-droplet circulatory flows, we systematically varied the vertical semi-axes R, = 0.25—1.5 mm while
maintaining the horizontal semi-axes Ry = R = 5 mm (Fig. 2-1a) and then measured the corresponding

circulation order parameters of intra-droplet flows (Fig. S2).
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Fig. S2: Intra-droplet circulatory flows were influenced by the dome shape. The well geometry was fixed
(radius 1 mm, depth 0.5 mm), and the domes were half-oblate spheroids with a horizontal semi-axis of 5
mm and vertical semi-axes ranging from 0.25 to 1.5 mm. Lengthening the vertical semi-axes increased the
dome curvature. Such increases in curvature sharpened the droplet shape and suppressed development of
circulatory flows when vertical semi-axes were longer than ~1 mm (COP < 0.4); for the semi-axes shorter
than this limit, circulatory flows were stable, suggesting that domes with a larger curvature had a greater
influence on intra-droplet flows. Thus, we selected a slightly curved dome (R, = 0.5 mm, R, = 5 mm) to
compress the droplets. Each error bar represents the standard deviation of the time-averaged circulation
order parameter.
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Our measurements showed that circulatory flows persisted when the vertical semi-axes were
shorter than ~1 mm (COP > 0.4); lengthening the semi-axes longer than this limit weakened the formation
of circulatory flows (COP < 0.4). This result suggested that the dome shape influences the formation of
intra-droplet flows, but this influence was limited to largely curved dome (R, Z 1 mm). To minimize this
dome-induced influence while immobilizing the droplets, we adopted half-spheroidal domes with a vertical

semi-axis of Ry = 0.25-0.5 mm and a horizontal semi-axis of R, = 3.5-5 mm.

In summary, observing the intra-droplet active fluid flows over a long duration required
compressing the droplets with a curved ceiling. However, the curved ceiling influenced the intra-droplet
fluid flows. To minimize this influence, we chose the ceiling shape that would not suppress development
of circulatory flows but was sufficiently curved to fix the droplets. This arrangement provided a stationary
active droplet that allowed us to investigate how the formation of intra-droplet circulatory flows was

controlled by other geometric parameters such as the droplet radii and oil layer thickness (Fig. 3-1-Fig. 3-3).

S2: Formation of two-dimensional nematic layers at water—oil interfaces

The microtubule-based active fluid system is known to deposit its microtubules onto the water—oil
interface and form 2D active nematics.!”-18:29-31:394291.92 Qur active fluid was encapsulated in a water-in-oil
droplet, which created water—oil interfaces, so the intra-droplet microtubules were expected to gather at the
interface and develop 2D active nematics. To verify our expectation, we prepared a compressed water-in-
oil active droplet (r ® 2.4 mm, h = 1 mm, A = 2.4 mm) and imaged microtubules at the water—oil interface
of the droplet bottom using fluorescence microscopy (Fig. S3a). The microtubules were labeled with Alexa
647, which can be imaged with a CyS5 filter cube (excitation: 618—650nm, emission: 670-698 nm, Semrock,
96376) (Fig. S3b&c). Our observation showed that microtubules formed a layer of nematics at the water—

17,18,29,30,39,44,57,58,93,94 These motile

oil interface with multiple motile plus- and minus-half defects.
microtubule-based defects at the interface served as a dynamic boundary that confined the active fluid. To

examine whether such a dynamic boundary was coupled to the self-organization of the confined active fluid,
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we simultaneously imaged microtubules at the bottom interface and at the droplet midplane for 15 minutes
and then analyzed microtubule motion with the particle image velocimetry algorithm to extract the velocity
fields of the microtubule motions (arrows in Fig. S3b).** The velocity fields enabled us to analyze the

circulation order parameter as a function of time (Fig. S3d).

_ Midplane

.......... Interface

15

Fig. S3: Microtubules self-organized into a layer of motile nematics at water—oil interfaces whose flows
were not influenced by microtubule flows in bulk. (a) Schematic of imaging the nematic layer at the water—
oil interface at the droplet bottom (magenta line). (b&c) Confocal micrographs of the microtubule-based
nematic layer at the water—oil interfaces of droplets that had the same shape (r = 2.4 mm, h = 1 mm) but
were immersed in different oil layers (A). The arrows are normalized velocity fields of corresponding instant
nematic flows. (d) Evolution of circulation order parameters of microtubule flows in bulk (midplanes; solid
curves) and at water—oil interface (dashed curves). Blue curves represent the droplet in b; red curves in c.
In b, the microtubules in bulk developed circulatory flows (COP = 0.5, solid blue curve), whereas in ¢, the
bulk flows were chaotic (red solid curve). However, regardless of how the microtubules flowed in bulk, the
microtubule-based nematics flowed chaotically (dashed curves).

Our analyses showed that microtubules at the midplane developed circulatory flows (COP = 0.5,
solid blue curve), whereas at the bottom interface the microtubule flows were chaotic (|COP| < 0.2, dashed
blue curve). This comparison indicated that the microtubule flows in bulk and at the interface were not
coupled. To confirm such bulk—interface decoupling, we repeated the experiments but immersed the droplet
in a thinner oil layer (A = 1.1 mm, Fig. S3c). The thinner layer did not support circulatory flows in the
droplet bulk (|COP| < 0.2, solid red curve in Fig. S3d); simultaneously, the microtubule motion at the
interface remained chaotic (|COP| < 0.2, dashed red curve). Our analyses showed that microtubule motions
at the interface of the droplet bottom were not related to microtubule motions in bulk. However, our
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analyses did not suggest that the dynamic boundary was disconnected from the self-organization of intra-
droplet flows. We have shown that oil near the interface flowed faster when the active fluid flowed
chaotically than when the active fluid developed circulatory flows (Fig. 3-5d), which implies that the
microtubule motion at the droplet sides was coupled to the intra-droplet fluid flows. Unveiling such a
coupling required further studies to monitor the microtubules at the droplet lateral interfaces. Here, we
demonstrated that microtubules developed 2D active nematics at the water—oil interfaces of droplets and

that nematic motions at the droplet bottom interfaces were decoupled from flows in the droplet bulk.
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