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Resume Substantiel

Quel est le rapport entre I'aspiration de perles de tapioca a travers une paille et les tests génétiques microfluidiques
? Tous deux impliquent de faire passer des billes déformables a travers une constriction. Comprendre le transport
de ces particules molles est utile pour une large gamme de technologies microfluidiques, en particulier lorsque les
particules subissent de grandes déformations. Dans cette these, j’étudie l'interaction fluide-structure de billes de
gel déformables lorsqu’elles se pressent dans et a travers des constrictions microfluidiques.

La premiere étude réalisée dans cette these examine comment une particule entre dans une constriction. Pour
ce faire, I'écoulement est utilisé pour piéger une bille de gel sphérique dans une section étroite d’'un microcanal.
En augmentant la pression, la bille entre de plus dans le resserrement. La déformation de la bille peut étre décrite
par un modele de Hertz, reliant la pression autour de la bille, son élasticité, et la géométrie des billes et du canal.
En pratique, nos résultats forment la base d’une nouvelle méthode pour mesurer I'élasticité de particules dans un
microcanal.

Lentrée d’'une particule dans une constriction agit également comme une valve qui bloque I'écoulement de fluide.
En effet, 'écoulement au niveau d’une bille piégée dans une constriction est une fonction non-linéaire de la pression
: le débit commence par s’accroitre avec la pression jusqu’a atteindre un maximum, puis diminue et finit par s’arréter
complétement aux hautes pressions. Cette diminution du débit est liée a 'augmentation, sur plusieurs ordres de
grandeur, de la résistance hydrodynamique de la bille lorsqu’elle pénétre dans la constriction. Les simulations
montrent que le gradient de pression hydrodynamique s’établit alors principalement dans une zone interstitielle,
entre la bille et les parois du microcanal. La résistance hydrodynamique est directement reliée a la surface de cette
zone, comme dans un écoulement de Poiseuille. En combinant un modele hydrodynamique reliant la résistance
hydrodynamique a la forme déformée du gel, ainsi qu’un modele de mécanique reliant la déformation du gel a la
pression, un nouveau modéle couplé est proposé, permettant de déterminer I'écoulement dans le canal en fonction
de la pression imposée. Ce modele de valve est capable de prédire pour quelle pression le débit est maximal au
niveau de la bille, et montre que la valeur de ce flux maximum augmente linéairement avec I'élasticité du gel. Le
modeéle permet également de prédire la pression a laquelle une bille entre complétement dans une constriction.

La deuxieme étude reprend aprés I'entrée d’'un gel dans une constriction. Les billes de gel sont acheminées a

travers un comparateur microfluidique afin de mesurer leur vitesse ainsi que la résistance hydrodynamique qu’elles



ajoutent au canal. La vitesse des billes suit de pres celle du fluide environnant. La résistance ajoutée des billes
dépend faiblement de leur taille et donc de la constriction du gel, ainsi que de leur élasticité. Des simulations
de contact sont utilisées pour comprendre plus précisément comment les billes se déforment. Pour compléter
le modele, jutilise la théorie de lubrification élastohydrodynamigue pour montrer la dépendance de la résistance
ajoutée aux propriétés du gel. Je trouve un trés bon accord entre la friction lubrifiante prédite et la friction mesurée
entre la bille et le microcanal. Lépaisseur de la couche de lubrification augmente a la fois avec la vitesse de
I'écoulement et la contrainte exercée par le canal sur la bille.

En fournissant un apercu de l'interaction fluide-structure du gel dans des systéemes simples, cette these ouvre
également la voie a la compréhension et au contréle de systemes microfluidiques beaucoup plus complexes, et

au-dela de I'aspiration de billes dans une paille.



Substantial Abstract

What does sucking a tapioca ball through a straw have to do with microfluidic digital genetic testing? Both involve
flowing soft spheres through a constriction. Understanding the transport of these soft particles is useful for a
wide range of microfluidic technologies, especially when the particles undergo large deformations. In this thesis |
investigate the fluid structure interaction of soft gel particles as they squeeze into and through constrictions which
would typically be found in a microfluidic device.

The first study done in this thesis looks at how a particle enters into a constriction. To do this, flow is used to
trap a spherical gel bead at narrow section of the microchannel. By increasing the pressure behind the bead, the
bead enters further and further into the constriction. Numerical simulations data is combined with the experimental
data to show how the pressure drop is distributed across the bead. The deformation of the bead can be modeled
by Hertzian mechanics, relating the applied pressure, bead and channel geometry, as well as the bead elasticity. In
practice, this is a novel method for measuring the elasticity of particles in a single thickness microchannel.

The entry of a particle into a constriction also acts as a valve that blocks the fluid flow. In effect the flow
past the bead increases with pressure until it reaches a maximum before then reducing and plugging entirely.
The hydrodynamic resistance of the trapped bead increases several orders of magnitude over the course of the
bead penetration. Fluid simulations show that pressure drops considerably at the point of minimal cross sectional
area to flow, in the corners between the beads and the microchannel. This inverse squared of this area scales
with resistance as would be the case for a Poiseuille flow. Combining the model for resistance as a function of
deformation, with the model of deformation as a function of pressure, a new model is proposed relating pressure
and flow past the trapped gel. This valve model is capable of predicting maximum flow rate and shows that this
maximum flow rate scales linearly with the effective gel elasticity. It is also capable of predicting under what pressure
a gel will squeeze completely into a constricting microchannel.

The second study picks up after a gel has entered into a constricting channel. Gel beads are flowed through a
microfluidic comparator in order to measure the added resistance of the gel, as well as their velocity. The speed of
the beads follows closely that of the surrounding fluid. Meanwhile, the added resistance of the beads is found to be
weakly dependent upon the size and thus constriction of the gel, as well as their elasticity. To aid in this analysis,

contact simulations were used to see more precisely how the beads deform. Fluid simulation around deformed



beads are used to relate the velocity to the pressure drop around the particle. To complete the model, | use
elastohydrodynamic lubrication theory to show the dependence of added resistance upon the material properties
of the gel and find strong agreement between predicted lubricating friction and measured friction between the bead
and the microchannel. Lubrication thickness grows both with velocity and the constraining force of the channel upon
the bead. | hypothesize this is due to the constrained gel forces flow through the lubrication layer more so than in
unconstrained lubrication.

By providing insight into the fluid-structure interaction of gel in simple systems, this thesis also paves the way
for understanding and controlling much more complicated microfluidic systems, and beyond sucking balls through a

straw.
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Microfluidic constrictions occur both In nature, and In laboratory/industrial settings. (a) Blood flow

through the circulatory system often involves red blood cells (RBC) passing through capillaries which

are smaller in diameter than the RBC itself, forcing the RBC to bend in order to pass through. In

this micrograph, healthy RBC are shown in white within the darker capillary. Figure reproduced from

Guest ef al. [69]. (b) Sorting RBCs at various stages of malaria infection, depending upon their ability

to deform and pass through rectangular microfluidic capillaries. Different stages of infection will affect

whether the cells can pass through constrictions of decreasing width. Flow, @, is passing from right

to left, as indicated by the arrows. Figure reproduced from Shelby et al. [150]. (c) Rapid genetic
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a brief constriction, causing upstream pressure to mount, and the water to pinch off into droplets

containing the beads and cells. Reproduced from Zilionis etal. [187].| . . . . .. .. ... .. ... ..
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Particles which pass through simple microfluidic constrictions go through three distinct phases of
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constriction. The flow rate () represents the direction of flow and particle velocity. | . . . .. .. .. ..
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There exist a variety of possible geometries through which particles can become confined in microflu-

idic systems. This figure summarizes the most commonly studied geometries. In order, these are a

cylindrical caplillary (a), a one-dimensional constriction (b), a rectangular constriction (c), a tapered

caplillary (d), and a tapered microchannel (e). In these figures, the particle is represented as a blue

sphere, with the microchannel shown in grey. Cartesian directions are shown on each of the figure

pairs, (1) and (1. | . . . . . o o e e e e e e e
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(a) A diagram showing the polymerization of a sphere ot PEG gel. The diagram shows the activation

via ultraviolet exposure, and the binding of PEG chains at their fictionalized acrylate group via initiator

activity. The figure also shows schematically the inhibition of PEG polymerization via oxygen compe-

tition. Reproduced from Debroy et al. [45]. (b) A comparison of PEG gel polymerization throughout its

exposure to UV. As the exposure time increases, the degree of polymerization, seen as the interface

between the liquid and gel PEG, becomes more apparent, however the size of these regions remains

constant. Reproduced from Debroy et al. [45]. (c-e) A series of PEG gels of identical chemical

composition and light exposure for a range of diameters. While the inner polymerized region, shaded

green, grows with the microgel, the un-polymerized region, shaded blue, remains approximately the

same size regardless of total gel size. Reproduced from Krutkramelis etal. [101].| . . . . .. ... ..
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(a) A diagram explaining stop-tflow lithography for making PEG microgels with custom shapes. A

valve Is used to periodically stop the flow of a photoreactive PEG solution. A shutter then flashes

UV through a transparent mask in the desired shape of the eventual PEG microgels. The PEG then

polymerizes and is flowed out of the exposure region. Reproduced from Dendukuri et al. [52]. (b) A

sample hollow square microgels made using stop-tflow lithography as described in (a). Reproduced

from Dendukuri et al. . (c) An bicoloured acrylamide janus particle. Half of the particle is dyed

with a fluorescent rhodamine isothiocyanate dye, while the other is dyed with fluorescent fluorescein

isothiocyanate. Reproduced from Shepherd et al. [151]. (d) A core-shell tripropyleneglycol diacrilate

microgel where the core has ruptured the shell of the microgel, making cup-shaped microgels. Repro-

duced from Nie et al. [129]. (e) A microtluidic device used in the inDrop genetic sequencing. Microgels

containing barcoded reverse transcriptomes are flowed into droplets with single cells. These can then

be used to rapidly genetically analyze individual cells. Reproduced from Kleinetal [99].] . . . . . . .
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A comparison of ditterent droplet production methods. In order, a diagram of the flow focuser in

the dripping (a) and jetting (b) regimes, a micrograph (c) flow focuser, and and a diagram (d) and

micrograph (e) of step droplet producer. The diagram of a step producer in (d) is moditied from

Danglaefal[4d]] . . . . . . . . . .
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Micrographs of PEG droplets made using a carrier phase containing 0.5 % RAN (a), 3 % RAN (b)

and 3 % RAN with 0.2 % SDS in the droplet phase (c). (d) A comparison of the diameters created

during this process. Monodispersity Is improved when Increasing the RAN content as well as when

adding 0.2 % SDS| . . . . . . ..
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(a) A reproduction of the microtluidic mask of the flow focuser used in this experiment. This flow

focuser was designed as a single height microftluidic chip. A micrograph of droplet production at

the flow focuser junction Is included. Micro-channel dimensions are shown, with the neck width

varying from 25um (shown) to 66um. Microchannel height varied from A = 80um to h = 200um

depending on desired droplet size. (b) A diagram of the experimental setup. Three syringes were

connected to syringe pumps, and attached to the flow focuser, under a microscope. The droplets

were measured during production to ensure proper sizing. UV light was provided to the tlowing

droplets. Microgels were collected in a collection tube. (c) The wash cycle protocol is illustrated.

Microgels were washed by a cycle of adding solvent, mixing, centrifuging to separate the microgels

from aspirant, and removing the aspirant. This cycle was repeated several times, adding FC-40,

ethanol, water and finally 10 % aqueous SDS.|. . . . . . . . . . . . . .. ... . .o
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2.6

A comparison of 9 batches of microgel diameters before and after photo-crosslinking. The microgels

in question contain a total of 65 % (v/v) PEG mw200 and PEGDA mw/00 with varying proportion, as

well as 5 % (v/v) Pl and 1 % (w/v) SDS (aq). An inset shows a typical micrograph of gel particles

which have been placed on a microscope slide In order to have their diameters measured.|. . . . . . .
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2.7

(a) A diagram of microindentation, as described in Guillou et al. [70]. The cantilever is shown com-

pared to Iits original position (fadeq) to illustrate the deflection at the base and at the indentation. (b) A

micrograph of microindentation using an imobilized microgel. (c) A comparison of microgel elasticities

measured by microindentation. All microgels contained 5 % (v/v) Pl, 1% (w/v) SDS, and a total of 60

% (v/v) PEG mw 200 and PEGDA. Each point represents one sample, withn >6.|. . . . .. ... ..

B

Examples of different geometric types of constriction entrances. (a) A cell entering into a sudden

axisymmetric constriction. In this case the cell Is undergoing micropipette aspiration to assess the

viscous modulus. Reproduced from Gonzalez-Bermudez et al. [64]. (b) A tapered capillary con-

taining an acrylamide based microgel. As pressure increases the microgel is pushed further into

the caplillary, thereby measuring its Young's modulus. Images are provided in descending order of

increased pressure. Reproduced from Wyss ef al. [173]. (c) The passage of a red blood cell (RBC)

through a tapered microfluidic constriction. The in plane height of the microchannel is kept constant.

The constriction was placed in series with identical constrictions to measure the impact of repeated

confinement and release. Reproduced from Guo ef al. [73] (d) An elastic cell as it enters into a mi-

crochannel which suddenly decreases In height and width. A diagram of the microchannel is provided

as well. Reproduced from Luo etal. [117].| . . . . . . . . o o o o




B.2

(a) A diagram of the region of interest for the microfluidic trapping channel. The bypass and thrupass

are shown in full. Zooming in, the a diagram of the bypass/thrupass junction shows microgels passing

and getting stuck in the trap. Further zooming in, a micrograph of a trapped and deformed microgel

iIs shown. (b) A diagram of the microfluidic trap with relevant dimensions labeled. The thrupass Is

separated into the trap, where the gel rests and slit region, which constricts the gel and prevents

passage. (c) A negative of the full microfluidic channel mask, presented at 2x scale. The microtluidic

mask used In this work, Is presented alongside the original design, which included ten parallel traps

foreach sizeoftrap slit. [. . . . . . . . . . e
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3.3

(a) A resistance diagram relating the flow through the thrupass and bypass of the microchannel, as

well as the corresponding sections on the microchannel itself. (b) A reconstructed separatrix of flow

at the junction of the thrupass and bypass lines. The streamlines are reconstructed using|. . . . . . .

B4

(a) A diagram of a microfluidic comparator, with one Inlet containing the reference solution of water

and ink, @m0, and a second solution containing the SDS solution, ()sps. As downstream resis-

tances are unequal due to changes in viscosity of the ink and SDS, there is a detflection of the

streamline. (b) A micrograph of the microfludic comparator used to characterize the SDS. (c) A re-

sistance diagram of the comparator. When the flow from the Ink passes entirely through the top

channel, and the SDS solution passes entirely through the bottom, then the difference in resistance

will be proportional to the difference inflowrates. | . . . . . . . .. .. ... . oo oL

[3.5

A diagram of the experimental setup. The microchannel is placed on a microscope and connected to

two syringes on syringe pumps. A waste line Is attached for fluid exiting the microchannel. Videos of

the microchannel are recorded for analysis.| . . . . . . . . . . ... L Lo

57

3.6

(a) A diagram showing the geometric setup of the contact simulation. The simulation was performed

along the axes of symmetry of the geometry. Annotated for diameter, d, channel height, h, corner

radius, r., and constriction width, w. A weight force, £, (late replaced with a pressure distribution)

is also included. The contact declarations of master and slave surface are annotated as well. (b) A

diagram showing the fluid simulation, corresponding to an undeformed (spherical) gel. The simula-

tion was performed along the axes of symmetry for the geometry. Boundary conditions are listed.

Dimensions are identical to those of the contact simulation. (c) A diagram of the pressure distribution

used on the second set of simulations. The coordinate Z was made internally to define how pressure

tapers off from the maximum region. This IS an approximation of the distribution found by fluid simula-

tion. (d) Simulated pressure distribution on the underside of the microgel. In order, these simulations

correspond to deformation at pressures of Py = 0, Pye) = 2.4 kPa and F,.; = 4 kPa. The scale bar

describes the fraction of the inlet pressure experienced where AP =1kPa.| . ... ... ... ....




B.7

A comparison ot the pressure drop across the microgel, P, as the flow rate provided by the syringe

pump increases. The legend provided separates data by slit width and by elasticity ot the microgels.

Note that the hard microgel, £* = 15 kPaIs in a channel of height 4 = 85 um, while the other two gels,

E* = 1.5 kPa and £* = 0.11 kPa are larger and are contained in a channel of height » = 140 pm.

[3.8

Micrographs comparing a trapped microgel undergoing increasing pressure. From left to right the

pressure IS (&) Psei = 10Pa, (0) Pyer = 500Pa and (C) Py = 2288FPa. The microgel in question

corresponds to a microgel of batch "Gel B”, with £/ = 1.5 £ 0.4kPaandd =139 £ 2.1 pm.| . . . . . .

B.9

(a) A diagram of a trapped microgel being viewed through the microscope. The diagram is annotated

with geometric parameters measured In this study. [he microgel diameter, d IS measured at the

lowest flow rate tested, as Is the slit width, w. The microgel displacement, [ iIs measured from its

back, while the penetration, [ Is measured relative to the front of the microgel at the lowest flow rate

tested. The channel contact, b. Is measured as a surrogate for the actual radius of contact between

the microgel and the trap. The dashed circle represents a microgel sitting in the trap undergoing no

deformation. (b) A comparison of the displacement of the microgel with the pressure drop applied to

the gel, P..;. Aninset provides the same data on a logarithmic scale in order to better view the data

for the softer microgels. (c) A comparison of the penetration of the microgel with the displacement ot

the microgel in general. A unit line Is provided for reterence. (d) A comparison of the linear contact

between the microgel and the channel, and the displacement of the microgel. | . . . .. ... ... ..

[3.10 (a) A comparison of pressure and supplied flow rate for data corresponding to microgels from batch

Gel C, corresponding to a diameter of d = 84.2 £ 1.1 pum, and an effective elasticity of £* = 48.6 £

24.9 Pa. (b) A comparison of the penetration, /¢ of microgels from batch Gel C with the pressure

applied to the gel, P..;. (c) A micrograph of a small, soft gel from batch Gel C which was stuck in the

trap slit due to friction. The outline of the microgel has been highlighted in red for ease of viewing. | . .

65



[3.11 Data for the simulated microgel quarter section as it is pulled into the microfluidic constriction. This |

simulated microgel has a diameter of ¢ = 80 um, and elasticity of £* = 11.4 kPa, while the trap |

measures w = 15 pym and r. = 15 pm, with a height of either h = 81 ym or h = 85 um . See |

Fig. [3.6[ for details. (a) The displacement [ of the microgel compared with the maximum negative |

applied pressure P,.. (b) The penetration of the microgel into the constriction, [, compared with the |

displacement of the microgel, [. A reference line is provided. (c) The contact between the simulated |

microgel and microchannel, b., compared with the displacement of the microgel, i. (d) A comparison |

of the overal deformation of the microgel, corresponding to » = 85 pm, and from left to right Pye =

800 Pa, P, = 2400 Pa and P, = 4000 Pa. The scale bar indicates total nodal displacement

relative to P,.; = 0. (e) An opposite view ot the microgel highlighting contact between the microgel

and the microchannel in white. Deformation states correspond from left to right t0 P,e; = 800 Pa,

Proo = 2400 Paand Dyl = Q000 PA. | .« o o o o o e e e e e e e 67

[3.12 (a) A comparison of the trap geometry (left) with the "sphere balanced between two cylinders” ap-

proximation made in this analysis (right). (b) A two dimensional projection ot the microgel sitting on

the trap corners, in both an undeformed (left) and deformed (right) state. The trap corners here are

represented as two cylinders. The deformed microgel shows a comparison ot the penetration length,

. with microgel displacement, /, as well as the pressure and contact forces, F,, and F. respectively.

Note that the label for the leftmost F,. was omitted to facilitate reading. (c) Isometric view of the contact

between the microgel and the trap corners, highlighting the major and minor radil of contact, a and b

respectively. The gray material represents the tluid phase between the microgel and trap, shown as

a quarter sectionforease of VIEWING. | . . . . . . . . . e 69

13.13 Three projections of pressure isobars onto the bottom of the microgel. Perspective is given from the

bottom of the slit looking towards the microgel. Microgels shown from left to right correspond to 0

deformation, deformation under P, /FE = 0.12 and P, /E = 0.2, respectively. The approximated

region over which the pressure Is applied is highlighted in green in the rightmost panel. The color bar

shows the fraction of the Inlet pressure, P, corresponding to eachisobar. | . . . . ... .. ... .. .. 71

[3.14 A comparison of the displacement of the microgel predicted by Eq. [3.22| with that measured experi-

mentally (color) and by simulation (white). The inset Is simply included to remind readers the physical

significance of [ and d and Where [/, ,,,tpeory = F (W, 7¢, d, Pyel, ). A reference line of y = x is pro-

vided to compare goodness of fit of the model. Data shown is limited to {/d < 0.3 to better focus on

therange of interestto thismodel. | . . . . . . . . . . . . 73

[3.15 A comparison of stress distribution within a simulated microgel. Microgels shown are undergoing (a)

P,e; = 800Pa and [/d = 0.045 and (b) P,e; = 6400Pa and [/d = 0.16. Symmetry is imposed on the

rignt side of the semicircle shown. Elemental Mises stresses are shown, with color bar provided. |. . . 74
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[3.16 A comparison of the deformation of the microgel with that predicted by Hertzian contact theory. The

left axis corresponds to experimental data, while the right corresponds to simulation data. The value

of bc|i—o corresponds to the value of b. for a single set of experiments with the same microgel for

which displacement is 0, as indicated by the inset. The simulated a Is measured directly. A referene

line y = x Is provided for reference.. . . . . . . . . . L

75

|4.1

Soft valves eftectively control tlow through them by deforming depending upon the pressure applied,

and are found In nature. (a) A cross sectional view of a xylem bordered pit membrane from Pinus

Sylvestris. As pressure increases the membrane Is forced to close, regulating water flow within the

tree. Reproduced from Bauch et al. [19]. (b) A diaphragm septum in a cell wall which regulates

flow through it. reproduced from Louf ef al., originally from Boekhout ef al. [115]122] (c) A model of

the septum diagram shown In part (b), demonstrating two modes of regulating flow in response to

changes In pressure difference. Reproduced from Louf etal. [115].| . . . . . . .. ... ... .. ...

@2

A review of the experiment explained in detall in the previous chapter. (a) A diagram of the microflu-

idic channel used In this experiment. Zooming In there Is the thrupass line where the microgel Is

trapped, and zooming further there is a micrograph of a trapped microgel. (b) A resistance diagram

corresponding to the microchannel, including highlighting the resistances due to the bypass, Riyyp.,

thrupass, Rinrg @NAd MICIOgel, Reer. | - . o o v v o o o o e

@3

(a) A diagram of the simulated microchannel with an undeformed, spherical microgel cutout. The

microchannel Is cut into quarter sections, and dimensions for the channel width, w.;, height, h, con-

striction/slit width w and channel corner, r. are included, as well as the microgel diameter, d. To

capture flow downstream from the microgel, a = = 60 pum length of the constriction is also included.

(b) The same diagram of the simulated microchannel as in (a), annotated with the boundary condi-

tions on each surface. Inlet and outlet pressures are provided as uniform P, and P,,; respectively.

G4

(a) A comparison of the flow through the thrupass, Q... With the total inlet flow rate ) for microgels

where £F* = 15 + 9 kPa and diameter d = 83.4 + 2.9 um. This is compared with the flow relationship

for an empty microchannel, ~ = 85 pm and w = 31 pum. The inset shows a micrograph of a trapped

microgel with flow rate directions labeled. Streamlines reconstructed from videos of the tracer beads

in flow are overlaid to the micrograph in order to show how Q. and Qu,, are determined. (b) A

comparison of flow through the thrupass with inlet flow rate for all different microgels tested. This is

placed on a log-log plot in order compare the different scales for each of the microgels. | . . . . . . ..
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@5

(a) The added hydrodynamic resistance of a trapped microgel compared with the flow rate at the

channel inlet. An inset Is provided showing the same data on a log-linear scale to aid the reader.

(b) The added hydrodynamic resistance of a trapped microgel compared with the displacement of the

microgel into the microchannel. The inset shows a diagram of a deformed microgel with displacement

|4.6

(a) The simulated hydrodynamic resistance of deformed and trapped microgels, compared with their

displacement. (b) Simulation of the tlow around an undeformed microgel (left), and a one deformed

under a simulated pressure of P, = 4 kPa (right). Color indicates the pressure normalized by the

inlet pressure P. Isobars are shown in white. Note how the deformed microgel focuses the pressure

drop Into a narrow area. x and y directions represent the imagingplane. | . . . .. ... ... ... ..

a7

Streamlines of flow around trapped microgels. Microgels from left to right, are deformed under pres-

sures of (i) Psm/F = 0, (i) Psin/E = 0.12 and (ii)) Py, /E = 0.2. Streamline colors represent the

value of the pressure along the streamline. (b) A magnified diagram showing the dimensional makeup

of A. (c) A comparison of the base and height of the triangle which makes up A, each normalized by

the microgel diameter. [. . . . . . . . e

92

]

The measured gel hydrodynamic resistance R, as a function ot the area A of the triangle through

which the flow must pass (see inset). R, and A are respectively normalized by the resistance to flow

Ry and the area Aq In the absence of gel deformation. A unity line Is provided for reterence. | . . . . .

9

Comparison of flow rate through the obstructed thrupass channel, shown in points, with the predicted

flow rate, shown as dashed lines. Normalized flow rates, Q, are given as a function of the normalized

pressure P for the full range of pressures tested experimentally. The data here is limited to (/d > 0.3

forease of reading. | . . . . . . . . e

[4.10 (a) Maximum experimental flow rate Q.. past the microgel as a function of the Young's modulus

E™* of the trapped bead. Points: Experimental data. Error bars represent 1 standard deviation. Line

shown represents the linear best fit. (b) A comparison of flow rate through the obstructed thrupass

channel, normalized to the predicted maximum flowrate, ... and the pressure normalized to the

pressure predicted to achieve the maximum flow rate, Poax.| - - - - -« o o o o o o o Lo o oo

[4.11

‘The theoretical flow rate predicted by Eq. [4.15[tor a microgel with a diameter of d = 80, undeformed

resistance of Ry = 1 and elasticity of £ = 1. (a) Predicted flow rates for a microtluidic trap with a

corner radius of r. = 15 for a range of different w. (b) Predicted tlow rates for a microfluidic trap with

awidthof w = 15forarange ofdifferent r. |. . . . . . ... ... ... oo

12

98



5.

(a) Diagrams of various comparators as viewed from above. These comparators are controlled el-

ther by inlet pressure (1 and i) or by inlet flow rates (ii1). Pressure controlled comparators measure

the added resistance starting from the inlet, while flow driven comparators measure the resistance

starting from after the comparator. The interface between the two flow streams can be read either as

the streams merge towards the outlet (i) or relative to a split in the streams (i and iii). The perturbing

object (e.g. droplet or particle) is shown in blue in the test channel. The region of interest corresponds

with the test channel and the comparator itself. (b) Resistance diagrams for various types of microflu-

idic comparators, corresponding to those in (a). (c) A micrograph of a flow driven comparator as a

microgel enters into the comparator region (left), and as it passes through the comparator channel

5.2

(a) The microfluidic mask used In this design, containing two different comparator channels. The prin-

ciple difference between the two channels is the inclusion of a third inlet used to balance suspended

gels and carrier fluid. The two inlet channel was used for measuring viscosity. The mask is shown

at 2x scale. (b) An annotated diagram of the microfluidic comparator. Interface deflection measure-

ments are indicated by X ., at the comparator and X further down the channel. (c) A diagram showing

the experimental setup. This includes syringe pumps, the microfluidic channel, microscope, camera,

data acquisition andwaste. | . . . . . . . L e

5.3

(a) A diagram showing the contact simulation between the microgel (blue) and microchannel (grey).

Channel and microgel dimensions are listed, as well as the cut planes of symmetry. The master and

slave designations refer to the contact declarations done for the static explicit simulation. Contact was

undertaken by advancing the microchannel a distance of Aw towards the microgel. An inset high-

lighting the cut plane on an experimental micrograph of a moving microgel is provided for reference.

(b) A deformed microgel in contact with the advancing microchannel wall. Colouring represents total

displacement in order to better illustrate the deformation. The displacement of the microchannel walls

corresponds With Aw = 7.5 pum. | . . . . . . o o e e e e

5.4

(a) A diagram outlinining the model parameters for the simulated flow around the confined microgel.

The domain was cut along the lines of symmetry. This microgel in particular is undeformed, i.e.

d = 100 pm. The microgel surface was set to move at a constant velocity, u..1, the outlet was set to

a constant pressure P = 0 and Inlet pressure was declared to correspond with pressure drop across

the microgel, P = F,. (b) A simulated tluid domain corresponding with ¢ = 104 ym. (¢) A simulated

tfluild domain correspondingwith d = 1156 pm. | . . . . . . .. ... .o L




[5.5

(a) Sample micrographs showing the progression of a microgel entering into the comparator region

and progressing into the test channel. The microgel in question corresponds with a diameter of

d = 102 pm and an elasticity of £* = 5.2 £+ 1.2kPa. (b) The position of the microgel shown in (a)

over time, relative to when the microgel enters the test channel. (c) A comparison of the velocities of

microgels with the mean fluid velocity, ua.iq = (Q — AQ)/wh, and microgel diameter. | . . . . . . ..

56

(a) A comparison of the added resistance to flow In the test channel R,.; with the diameter of the

microgels d and the flow passing through the test channel, @) — AQ. (b) A comparison of the pressure

drop which occurs across the moving microgel, P,.; with its diameter, d and the microgel velocity ug.;.

Symbols classify experiments by microgel elasticity, £* and the fluid viscosity p. | . . . . . . . . . ..

5.7

A comparison of normalized pressure drop across the microgel P,.;/E* with degree of confinement,

d/w. Data has been separated into that using a water solution and that using a glycerol solution. |. .

58

A comparison of the change in relative velocity, u.. /v with changes in microgel confinement d/w, as

well as the relative pressure Pl /E*.| . . . . . . o

[5.9

(a) The simulated contact pressure distribution across a quarter section of a microgel as the mi-

crochannel walls are moved towards the microgel by a distance of Aw. Color bars represent contact

pressure, In Pa. (b) Simulated contact area as a function of the rescaled microgel diameter. The

microgel diameter was rescaled such that w = 100 pm, and contact area was rescaled accordingly. A

range of Poisson ratio, v was also tested to validate the use of v = 0.35 for the model microgel. The

best fit for v = 0.35 is plotted alongside the data. (c) Simulated cross sectional area as a function of

rescaled microgel diameter. The microgel diameter was rescaled such that w = 100 pum, and Cross

sectional area was rescaled accordingly. The solid line represents the best fit described in the text.

The inset shows visually the cross sectional view of the microgel. (d) Contact pressure as a function

of rescaled microgel diameter. The solid line represents the best fit described in the text. The inset

shows the growing area and contact pressure as confinement increases. I'he microgel diameter was

rescaled such that w = 100 pm. Force was rescaled assuming £F* =1kPa.|. . . ... .. ... ...

117

[5.10 The forces on a microgel during steady state transit through a test channel. At steady state, the

frictional £’y and pressure driven k), forces are balanced. The compressive forces due to confinement

and fluid pressure, F,, are balanced with themselves. The direction of fluid flow and microgel motion

are indicated. I'he lubrication layer Is approximated by the height ¢. Due to the approximately square

geometry of the microchannel, the force balance is the same from the top and side of the microgel. |

14
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[5.11 (a) A sample superposition of Poiseullle flow and Piston-Couette flow around a deformed microgel. |

The microgel in question corresponds with d/w = 1.08, v = 0.35. (b) The relative mean fluid velocity |

as a function of microgel confinement for Poiseullle and piston-Couette flow. The reference velocity, |

ug 1S the microgel velocity for piston/Couette flow and the mean velocity in an empty microchannel for |

Poiseuille flow. (c) The simulated relative resistance, R,.10/Ro, compared with the minimal relative |

fluid cross sectional area, 1 — A.,/w*. The reference resistance is that of an empty microchannel, |

Ry = 285>¢~. The dashed line represents the scaling law predicted by integrating the resistance over |

an approximation of the microgel body. The solid line represents the best fit described in the text. |

(d) The mean fluid velocity relative to the microgel velocity, uguia/u /.1 With the occlusion of the the |

microchannel by the microgel, Acs/w?. The solid line represents the best fit described in the text. | . . 123

[5.12 A comparison of the fluid tlow predicted by superposition of the Poisuellle flow past a static microgel |

and the piston/Couette flow from a moving microgel, with the experimental tluid flow rate. A unity line |

IS provided for referencCe. | . . . . . . . L e e e 126

[5.13 (a) A comparison of the steady state frictional force, F; = F, acting on the microgel with the com- |

pressive force, F,, and the viscous velocity, puge1. A free body diagram of the microgel is provided as |

an inset. (b) The mean lubricating thickness, ¢ as a function of microgel diameter, d and velocity uge . | 128

[5.14 (a) A typical solution for pressure and film thickness for an elastohydrodynamic lubricating contact. |

Adapted from Zargari et al. [181] (b) A diagram of elastohydrodynamic lubrication regimes depending |

on the parameters G, = W3/3/U? and G, = GW?/U?. The regions are divided into the piezo vis- |

cous rigid (PR), piezo viscous Elastic (PE), isoviscous rigid (IR) and isoviscous elastic (IE) regions. |

Adapted from Esfahanian et al. [58] (c) A diagram of the microgel (blue) separation from the wall |

(grey, hatched) due to the lubricating layer of height ¢. The local deformation ¢, Is illustrated as well, |

relative to the undeformed microgel outline in red. The profile of ¢ is a rough estimation of a typical |

EHL. (d) A diagram of a half section of the microgel with the lubrication region, A highlighted. This |

region corresponds with the area of the mcirogel in contact with the microchannel in the absense of |

any lubricating fluid. | . . . . . . o 129

[9.15 (a) Friction coefficient presented as a function of the nondimentionalized velocity and compression. |

(b) Lubricating thickness coetficient presented as a function of the nondimentionalized velocity and |

COMPIESSION. |. . . o o o e e e e e e e e e 133

[5.16 (a) A best fit of the friction coefficient with the normalized velocity and constriction. This is also |

compared with the microgel continement. Data has a coefficient of determination. A reterence line Is |

provided to ald comparing the fit of the data. (b) A best fit of the lubrication layer thickness with the |

normalized velocity and constriction. This Is also compared with the normalized mean pressure. Data |

has a coefficient of determination. A reference line Is provided to aid comparing tne fit of the data. | . . 134
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[5.17 The lubrication layer thickness compared with the predicted thickness, including a contact force term,

avelocity termand amean pressureterm. | . . . . . . L.

[5.18 (a) A diagram of a confined microgel, highlighting the lubrication domain (yellow) and the gutters

(violet) around the microgel. The in question microgel is cut perpendicular to the channel at its

midpoint. (b) A comparison of the flow through the lubricating film, represented by (uguiq — uPiston —

Upoiseuille )/ Ugel, COMpared with the nondimentional contact force, VW and pressure, P.| . . . . . . . ..

A

(a) A diagram of the gutter around a microgel passing through a square confinement. The serial sec-

tions through which flow passes are labeled for the gutter and dome parts of the deformed microgel.

(b) A comparison of the relative predicted microgel resistance (2Rjome + Reso)/Ro With the relative

contact radius, a/d.| . . . . . . . L
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Chapter 1

Introduction

1.1 Microfluidic Constrictions in Nature and in the Laboratory

Oftentimes when transporting objects such as cells, particles or even drops through microfluidic systems, the objects
must pass through a channel which is narrower than the object passing through it. In order to pass through this
constriction, the object must deform and change its shape. Otherwise the object will become stuck at the entry of
the constriction, diverting flow around itself. The human circulatory system, for example, is made of networks of
capillaries which are smaller than the red blood cells that pass through them [69], see Fig.[1.Ta. Whether or not the
blood cells can deform and pass, is also a matter of life or death, especially since diseases like malaria and sickle
cell anemia drastically altering this crucial physiological process [150, 149 [9]. Blood flow is but one example among
many which highlight the importance of the mechanics of soft objects passing through narrow constrictions. Other
such examples include cancer metastasis [13| 90], propagation of parasitic worms [83, [160, [169], and industrial
sieving [92].

Sickle cell disease, malaria, and even sepsis all affect the bio-mechanical properties of blood cells [150, [149] (9,
175, [136]. Separating healthy blood from diseased has in recent years shown considerable promise in the realm of
lab on a chip technology. One of the earliest examples of this application was performed by Shelby et al. [150]. In
this case, cells infected with progressive stages of malaria were flowed into a narrow microfluidic channel, at which
point healthy cells would pass, while the progressively diseased cells would become stuck, as shown in Fig. [1.1p.
More recent examples of constriction based cell sorting include separating white and red blood cells by size and
spike cancer cells from whole blood due to differences in deformability [65] [185].

Expanding from sorting cells and particles by their passage through microfluidic constrictions, mechanical prop-
erties can also be directly measured using flow through microfluidic constrictions. Micropipette aspiration is a
technique used to measure the elastic properties of a cell or particle by aspirating it into a micropipette, and relating

the deformation back to the elastic properties of the cell or particle [157]. This principle has been extended to a
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range of microfluidic platforms, from putting these micropipettes in parallel [104],[105| 73], 57], to allowing measuring
instantaneous elasticity of cells as they deform [117] to estimating the pressure necessary to push a particle en-
tirely through a constriction [117), [139]. More recently, several studies of cellular behaviour have used microfluidic
constrictions to measure the cell response to physical stress [177,[119, 185]. In effect, by repeatedly flowing these
particles or cells into constrictions and forcing them to deform, it is possible to measure stiffening by measuring the
readiness to deform at the proceeding constriction cycle.

Forcing particles to pass through a microfluidic constriction also has a direct effect on the flow around the particle.
As the particle enters into a microfluidic constriction, the space through which flow can pass is suddenly drastically
reduced, if not cut off entirely. As a consequence, flow through the channel decreases and pressure upstream
increases until either the pressure rises sufficiently to force the particle through the constriction or the limits of the
system are reached. Clogging and fouling are frequent issues in microfluidic systems as well as industrial processes
[54], as either individual particles too big for part of a microchannel [179] [54], or a collection of particles and debris
collect at the constriction [54, [10], thereby reducing flow through the opening. This has lead to a number of design
strategies to avoid such clogging, such as filtering fluids as they enter the microfluidic system [179, [102].

The effect particles have on flow through constrictions is not always something to be avoided. A long standing
challenge in droplet microfluidics has been the Poisson distribution of particles or cells contained in each test droplet.
One strategy to remedy this is triggered droplet encapsulation [3}4]. As fluid containing soft microparticles flows into
a microfluidic emulsion channel, the particles pass through a narrow constriction. As pressure upstream increases,
the fluid containing the microparticle is forced to pinch off into a distinct droplet. This effectively guarantees a single
particle occupies each droplet, greatly increasing experimental efficiency. This technique is also the basis of several
droplet based genetic sequencing techniques such as inDrops [187, 99| 98], see Fig.[1.1k. There, due to the near
1:1 occupancy rate of droplets to genetically barcoded hydrogel particles, it is possible to efficiently analyze tens of

thousands of cell samples in a single experiment[187,[99] [98].

1.2 The Mechanics of Microfluidic Constrictions

The diverse range of both natural and practical applications of microfluidic constrictions is reflective of the wide
variety of physics at play. The physics of microfluidic constrictions consists of a fluid-structure interaction, where the
bulk flow pulls an object into a constriction, thereby deforming it, and simultaneously changing the flow streamlines
to accommodate the obstruction created by the object. In order to pass through a constriction, a body must first
enter, then travel through the constriction, and then finally exit the constriction. The physics of each part of this
process is strongly affected by the geometry of the constriction itself. Finally, in addition to the geometry of the
constriction, what is being pulled through the constriction, be it a cell, solid particle or droplet, has a major effect

on the physics at play. With the different combinations of geometry and mechanics of what is being pulled through
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Figure 1.1: Microfluidic constrictions occur both in nature, and in laboratory/industrial settings. (a) Blood flow through
the circulatory system often involves red blood cells (RBC) passing through capillaries which are smaller in diameter
than the RBC itself, forcing the RBC to bend in order to pass through. In this micrograph, healthy RBC are shown
in white within the darker capillary. Figure reproduced from Guest et al. [69]. (b) Sorting RBCs at various stages
of malaria infection, depending upon their ability to deform and pass through rectangular microfluidic capillaries.
Different stages of infection will affect whether the cells can pass through constrictions of decreasing width. Flow,
Q, is passing from right to left, as indicated by the arrows. Figure reproduced from Shelby et al. [150]. (c) Rapid
genetic sequencing using transcriptome barcoded hydrogel beads. As water containing beads pass through a brief
constriction, causing upstream pressure to mount, and the water to pinch off into droplets containing the beads and
cells. Reproduced from Zilionis et al. [187].
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Figure 1.2: Particles which pass through simple microfluidic constrictions go through three distinct phases of motion.
Each phase requires different considerations with respect to particle deformation. The microparticle must (a) enter
into a constriction, (b) pass through the constriction and finally (c) exit the constriction. The flow rate @ represents
the direction of flow and particle velocity.

each phase of the constriction, a distinct set of physical considerations is necessary to predict how flow and object
deformation interact.

Passage through a single microfluidic constriction can be categorized in three stages: entry, passage and exit,
as illustrated in Fig. During a particle (or cell, droplet efc.) entry into a microfluidic constriction, the particle
undergoes rapid deformation, from a relaxed (often approximately spherical) shape to a transitional shape (shown
in Fig. [1.2R), to a shape fitting into the constriction (shown in Fig. [1.2p). In addition to friction, which is always a
consideration in flow through constrictions, the entry of a particle into a constriction involves normal contact forces
opposite the particle motion. This balance of forces results in reversible equilibrium states, where the pressure on
the particle is balanced by contact forces. This is essentially the physical basis of micropipette aspiration, where
pressure and contact mechanics are balanced as the particle is pulled into the pipette [157) (104, 72, [73].

Before the particle can exit a constriction, it may pass through a section of constant cross sectional dimensions,
see Fig. [1.2b. This section does not further deform the particle, which has already squeezed into the channel.
Passage through this section is a balance of pressure pushing the particle forward and friction resisting this motion.
In addition to the deformation forced by the confinement of the microchannel itself, the flow can further affect she
shape of the particle, such as in the creation of a lubricating cushion of fluid between the particle and channel walls
(84, 28], [96].

Finally, upon exiting the microfluidic constriction, the particle again undergoes a dramatic change in shape,
returning to its original shape, see Fig. [T.2c. While this may geometrically resemble entry into a constriction, the
physics are quite different. Upon exiting a microfluidic constriction, there is no contact force between the particle
and the channel to resist the particle motion. If present at all, it accelerates the particle’s exit from the constriction.
This allows the particle to relax from its deformed shape, however the relaxation may not result in a return to the
pre-constricted form. Cells in particular respond to repeated constrictions, often becoming slower to relax back to
their original shape as they undergo further cycles of constriction and thus stress [177].

Each phase of constriction is further complicated by the geometry of the constriction cross section. For simplicity

these can be summarized as either circular capillary constrictions, (Fig. and d), one dimensional constriction,
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(Fig. and e), or rectangular, (Fig. [1.3c). These constrictions can also be sudden, (Fig. [1.3p-c), or tapered
(Fig. [1.3d-e). It should be stressed that this summary is not exhaustive, as for example there is no reason why a
triangular constriction cannot exist. Instead, these constriction shapes are the most commonly found in literature,
see Tab. While in the case of sudden constrictions, the particle diameter (or cell, or droplet efc.) is larger than
the width or diameter of the constriction, d > w, this cannot be said about tapered constrictions, whose level of
confinement is dependant upon the taper angle, 6, and the particles position within the confinement. This concept
of tapered channels can also be extended to non-constant tapers, e.g. curved rather than strait tapers, or even
sinusoidal tapers used to test repeated stress response [85].

The modeling of circular capillaries, both strait and tapered, benefits from the trait of axisymmetry. Because in
many cases the particles passing through confinement are nearly spherical, the problem can be reduced to be two
dimensional. This also means that the particle will plug the capillary, forcing the fluid to move the particle, or push the
particle away from the microchannel wall and pass through this lubricating layer. Li et al. was able to use this fact in
order to analytically model the passage of microgel particles through a microfluidic constriction [111]. In this model,
the pressure necessary to force a particle through a microfluidic capillary was shown to scale as P/E ~ (d/w)*/3,
where E represents the microgel elastic modulus. More recent studies have also extended this analysis to describe
the pressure buildup in neo-Hookian materials as well [109].

Unlike circular capillaries, rectangular and one-dimensional constrictions are not axisymmetric. While for small
square constrictions the particle may plug flow, and may be approximated by a circular capillary [104} [105], for less
dramatic confinement, gutters exist between the particle and the corners of the constriction, allowing flow to pass
through [28] 139, (171, [18]. In the case of one dimensional confinements, this effect is exaggerated, with space
on two sides of the particle. A consequence of this flow around the particle is that even when stuck in place, flow
can pass through the channel, while having only the hydrodynamic resistance affected. Practically speaking, the
presence of flow around the confined particle substantially complicates its modeling, with most studies resorting to
numerical methods to account for passage through rectangular constrictions with gutters [117,[139].

The way that an object responds to different confinement geometries will depend heavily on what the object in
question is. Droplets and bubbles passing through microfluidic confinement have been extensively studied [18],[171],
25,166, 196, (148]. Droplets and bubbles are entirely fluid, meaning that they have an internal flow which relates to
the external flow through their surfaces. The surface tension of the droplet or bubble enforces a constant radius of
curvature on its surface at equilibrium, thereby dictating the shape of the droplet or bubble, often pulling them away
from the walls of the constriction. The impact of geometry on the physics is highlighted by their interplay with respect
to the velocity of the droplet or bubble, Uq,op, relative to the carrier fluid Usoy. In both the case of a circular and
rectangular constriction, the velocity can be described in terms of the droplet capillary number, Ca = % where
w is the droplet viscosity and ~ the surface tension. In the case of a circular confinement, the velocity of the droplet

relative to the carrier fluid scales such that % ~ Ca?/3 [18,[148]. In the case of rectangular confinement
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however, flow through the gutters changes both the flow inside and outside of the drop or bubble, resulting in a
relative velocity of UUQ ~ Ca~1/3 [18,A71].

Unlike droplets, particles such as microgels have an elasticity, and lack internal flow (excluding porous flow). The
forces exerted by particles behave as one would expect for an elastic solid [112,[111,[109] [72],[73| [173]. Rather than
be described by the capillary number, the behaviour of these particles is better described by the ratio of pressure,
P to elastic modulus, E, or in some cases the Cauchy number, Cy = pUZ, . /E, where p is the fluid density.

Between droplets and particles exist capsules. These elastic membranes encapsulate fluid within them, but the
membrane itself is not subject to flow. Flow of capsules through microfluidic constrictions deforms the capsule to
a bullet like shape, rounded in the front and cut off at the rear. Hu et al. demonstrated using numerical methods
the importance of channel geometry on the deformation of confined capsules [84]. While passage through circular
capillaries resulted in an axisymmetric capsule, passage through square channels resulted in a fully 3-dimensional
deformation.

While they are the focus of many experiments using microfluidic constrictions, cells themselves do not constitute
a coherent class of material. Instead, cells behave as a combination between droplets, particles and capsules
[172]. Cells have been modeled primarily as elastic [178] [117, (139 [102], 112], as capsules [178] 57, [73] and even
as droplets [178l 196, [73]. The choice of model depends heavily on the application, as biological material spans
a wide array of properties. Considerable work has been done modeling the passage of droplets and capsules
through confinements [84, (18, (148} (171} 25], which has then been applied to the modeling of cell motion. There is
however only limited modeling in literature of particles passing through non-axisymmetric geometries, often relying

on empirical simulation [117,[139].

1.3 Thesis Outline

The objective of this thesis is to understand the mechanics of particles passing through microfluidic constrictions.
Specifically this thesis focuses on the passage of spherical particles through rectangular and one-dimensional
constrictions. Because of the mismatch in particle and container shape, there exist gaps between the particle and
container, allowing flow to pass around the particle, while also applying pressure on it. This introduces a number of
unique fluid-structure interactions, both during entry into, and passage through the microfluidic constriction.

First, in Chapter 2, | overview the process of particle production and characterization, which will be used
throughout the thesis. | chose polyethylene-glycol based hydrogel particles as the test material to use in these
experiments, because their of range of elasticity, as well as the versatility offered by photo-polymerization. After
photo-polymerizing hydrogel droplets within a microfluidic chip, | describe how | measured the elastic modulus of
these microgels along with their size.

The first experiments undertaken in this thesis involve the entry of microgel particles into a one dimensional
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Figure 1.3: There exist a variety of possible geometries through which particles can become confined in microfluidic
systems. This figure summarizes the most commonly studied geometries. In order, these are a cylindrical cap-
illary (a), a one-dimensional constriction (b), a rectangular constriction (c), a tapered capillary (d), and a tapered
microchannel (e). In these figures, the particle is represented as a blue sphere, with the microchannel shown in
grey. Cartesian directions are shown on each of the figure pairs, (i) and (ii).
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Constriction

Transport

Author Material Summary
Type Phase
Tapered Measured the equilibrium pressure entering a ta-
Li et al | and cylin- | Entryand | Agarose microgel | pered channel, varying particle diameter. Cyclic
[110] drical passage | in mineral oil passages through constriction tested particle
capillary memory
Modeled entry pressure for particle entering ta-
Tapered o : . .
. . . pered constriction for particles of varying parti-
Li et al | and cylin- | Entryand | Agarose microgels .
. X cle diameters and channel tapers. Modeled pas-
[111] drical Passage | in water L . .
) sage through constriction, along with volumetric
capillary :
changes to particle.
Li et al. | Cylindrical | Entryand | Polyacrylamide mi- Modeled anlalyt|cally pressure moving m|orqgel
. g through capillary, experimentally varying particle
[109] capillary passage | crogels in water size
Cartas- HL-60 cells in a | Empirically modeled friction and deformation of
Square . . . ) ;
Ayala et Passage | high viscosity cell | cells passing through a square microchannel for a
channel : .
al. [28] media range of confinements.
Fitz- Modeled the passage of blood cells through a strait
Cylindrical Red blood cells in | capillary, modeling hydrodynamic resistance and
Gerald et | ol Passage | yio0d blood cell velocity. Model considered capill
al. [60] capillary 00 ood cell velocity. odel considered capillary
porosity as well as non-axisymmetric positioning.
Khan et | Square PDMS  particles, Tr.ansf[ time of gqlls and part_lcles_were com_pqred
- Passage . with visco-elasticity and particle size. Transit time
al. [96] constriction various cells . o
was capable of identifying.
Wyss et | Tapered polyacrylamide mi- Measured the 9Iastlc modulugs of tr'alpped part!-
) Entry cles by comparing pressure with equilibrium posi-
al. [173] capillary crogels : S .
tion of particle in tapered capillary.
Numerical simulation was used to describe the
Luo et al. | Rectangular| Entry and deforrr)a’glon o_f a ylscp-hyperela_stlc partlcle into a
Lung tumor cell constriction, first in width, then in height. Cellular
[117] channel passage o . :
deformation linked to instantaneous elastic proper-
ties.
Modeling, simulation and experimental results of a
Preira et | Rectangular| Entry and | Human THP-1 | cells entering and passing through a square con-
al. [139] | channel passage | cells striction. Pressure drop in both entry and passage
modeled.
Tapered Neutrophil, RT4 Measyr_ed cell defqrmablllty and mechanical char-
Guo et al. Entry and acteristics by forcing cells through repeated ta-
rectangular : and lymphoma
[72] exit pered rectangular channels. Modeled pressure re-
channel cells .
quired for cell entry.
Used a constriction channel to test for Plasmodium
Shelby et | Rectangular . ; . . )
Passage | Erythrocites falciparum, as infection stiffens cells and prevents
al. [150] channel
passage.
Recangular . Numerically modeled the change in shape of a
Hu et al. | channels Ovalbumin  cap- . : . ;
. Passage neo-Hookian elastic capsule flowing through strait
[84] and circular sules .
o circular and rectangular channels.
capillaries
Rectangular
Xue et al channels This review presents a number of studies which
[78] " | and ta- | Review Various cells describe various methods of mechanically charac-
pered terizing cells using microfluidic constrictions.
channels

Table 1.1: A brief overview of some studies of single particle, capsule or cell passage through microfluidic con-
strictions, classified by the geometry of constriction and whether the particle is entering or passing through the

constriction.
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constriction, that is to say, where the microchannel constrains the the particle along the channel width, but not
the channel height. To test this, | trap microgels at a sudden constriction in microchannel width, and measure the
relationship between pressure, flow and deformation of the microgel at equilibrium.

Because of the nature of this experiment, it is possible to look at the fluid structure interaction as a weakly
coupled problem in two parts. The first part, which occupies Chapter 3 of this thesis, looks at the deformation
of the microgel as pressure on it increases. Supporting my experimental results with simulations, | apply Hertzian
contact mechanics in order to model the deformation of a trapped microgel as pressure mounts, pushing it further
into the constriction.

The second part of this analysis, discussed in Chapter 4 of this thesis, looks at the flow around a microgel
trapped in a one dimensional constriction. First, | model the flow around the microgel with respect to how the
microgel deforms. Then, having looked at the fluid and structural elements of this problem separately, | answer the
question: how does the pressure which deforms a trapped particle affect flow around a deformed particle?

The final set of experiments, discussed in Chapter 5, investigates the propagation of particles through a square
constriction. | investigate how the microgel elasticity, fluid viscosity and flow rate affect the passage of microgels
when they are confined up to diameters 1.4 times the width of the channel. In order to measure the pressure drop
across the microgel, | employ a microfluidic comparator which allows for visual interpretation of hydrodynamic resis-
tance, and thus pressure. | also measure the microgel velocity and compare it with the velocity of the surrounding
fluid.

Yet again, | approach the fluid-structure problem as two separate but coupled problems. Using a simulation
of the deformation of a microgel without any flow, | separate the fluid domain into two regions: one where fluid
passes around the microgel without deforming the microgel, and a second where a lubricating fluid film deforms
the microgel to an equilibrium position. Combining these two models together, | attempt to empirically describe the
coupled pressure, velocity and deformation of microgels passing through a square constriction. | also explore the
implications this has on the lubricating thickness as the microgel becomes increasingly confined.

The work presented in this thesis builds towards a more complete model of the motion of particles through
non-axisymmetric (i.e. non circular) constrictions. This thesis however is only the groundwork of such a problem.
The experiments are limited to steady state flows, neglecting how the particles react to dynamic flow conditions or
dynamic particle deformation. Nevertheless, this thesis lays a simple groundwork for further investigation into the

fluid structure interaction of soft particles interacting with simple microfluidic constrictions.
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Chapter 2
Making Photopolymerized Microgels

2.1 Introduction

2.1.1 Microfluidic Hydrogels

In the field of biomedical microfluidics, hydrogels have emerged as a crucial component for a wide array of systems,
ranging from micro-sensors [147, 162} [108} [128], to cellular environments [35, [141], 146 [143] [36] to artificial tissue
[180] 211 131}, 40, 35, (167}, [126]. Hydrogels are materials which are porous, hydrophilic polymers, with a diverse set
of physical characteristics [153, [35, |66, [2]. Like a sponge, these materials readily absorb water, and can swell to
several times their original volume [163] [74} [2]. Due to their chemistry and physical structure, hydrogels have a
wide range their elastic properties, exhibit poroelasticity, and can be extremely soft (Youngs moduli £ < 10 MPa)
[40, 33| (134}, [121]. Finally, hydrogels are malleable from their pre-gel state, transitioning from liquid to gel after a
chemical reaction [40] 34} (35, [180, [31].

A wide variety of hydrogels have been used in microfluidics depending on the application, and required gel
chemistry [40] 132}, 135, 66/, [33]. Bio-compatibility varies considerably between microgels due to differences in chem-
istry and polymerization, allowing hydrogels to range from extremely cytotoxic to engineered microenvironments
[180, 211,131,140l 35 (1411, (146, [143,[153]. Other chemical compatibility must be considered as well, as some solutes
will strongly affect the state of the hydrogel [74]. The physical properties of hydrogels is also a very important con-
sideration. Poorly optimized elasticity or porosity may make the hydrogel insufficiently porous for cellular growth, or
unable to adequately deliver solutes [153, 135} 40, [106].

While the end state of the hydrogel is important, how the hydrogel is made is can be equally important in microflu-
idic systems, where conventional machining and molding is not generally possible. The method of polymerization
is therefore a particularly practical classification of hydrogels when deciding which hydrogel is appropriate for a

given microfluidic application. Hydrogels can polymerize via heating or cooling such as agarose or collagen gels,
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photo-polymerization, such as with Polyethylene-Glycol (PEG) gels, or by mixture of chemicals such as alginate
with a cationic solution [35] 40, [33 [2]. Chung et al. for example categorizes a variety of microfluidic hydrogels
used in tissue engineering by task, monomer chemistry and mode of polymerization [35]. Consideration of poly-
merization can be crucial in biomedical applications, as a hydrogel may be unsuitable if it only remains solid at a
certain temperature range, or requires exposing cells to harmful light[75} [2]. This distinction is especially important
in microfluidic environments, where the ability to selectively expose the material to heating, mixing or light can be
done at a micro-scale [51}, 150, [124]. The selectivity of microfluidic systems can be a double edged sword, as while
microfluidic systems may allow for micro-scale control of hydrogel properties, they may also create wide variation
between samples, with uncertainties of elasticity and porosity being above 20 % [40], [66].

In studying fluid-structure interaction of microfluidic systems, hydrogels present themselves as excellent mate-
rials for study. Their biocompatibility allows for the investigation of these microfluidic physics to be applied directly
in more applied studies. They are soft enough to readily deform with the fluid forces. When selecting a hydrogel
material for use, the elasticity must be capable of being tuned to the desired range of values, and that range should
be wide enough to adequately capture even more subtle effects of elasticity on such interactions. This allows for a

variety of experiments to be performed with minimal retooling.

2.1.2 PEG Hydrogels

PolyEthylene-Glycol (PEG) is a hydrogel of particular interest to this thesis. One of the main reasons for this interest
is PEG can be photo-polymerized to transition from liquid to gel, allowing for flexibility in production, [35] [66], [126].
These photo-polymerized gels are formed when a functionalized PEG monomer, typically PEG-Diacrylate (PEGDA),
is crosslinked by the action of a photoinitiator (PI) under the exposure to ultraviolet light (UV), as illustrated in
Fig. [35] 45| 46]. PEG based gels are relatively insensitive to operating temperature, requiring no cooling
to remain solid. Finally, the chemical precursors of PEG microgels can be used to tune a wide range of material
properties, and remain stable for long periods of time.

The primary component of PEG microgels is the functionalized PEGDA, which forms polymer chains upon
crosslinking. It follows that control of this component of the hydrogel will strongly affect its material properties. As
the concentration of aqueous PEGDA is increased, there is a greater density of material to bind between [11]. This
leads to an increase in the overall stiffness of the material after polymerization [47, [61]. The relationship between
the quantity of PEGDA and elasticity is nonlinear, with elastic moduli spanning the £ ~ 100 Pa to £ ~ 10 MPa
[47,121]. Furthermore, the molecular weight of PEGDA chains has a strong influence on eventual elasticity, with
lower weight chains resulting in lower elastic modulus [47, [182]. Additionally, as the PEG microgel elastic modulus
increases, it also becomes more brittle, shearing at considerably lower strains [121].

The addition of non-functionalized PEG with the PEGDA allows for even finer tuning of the properties of the PEG
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Figure 2.1: (a) A diagram showing the polymerization of a sphere of PEG gel. The diagram shows the activation
via ultraviolet exposure, and the binding of PEG chains at their fictionalized acrylate group via initiator activity. The
figure also shows schematically the inhibition of PEG polymerization via oxygen competition. Reproduced from
Debroy et al. [45]. (b) A comparison of PEG gel polymerization throughout its exposure to UV. As the exposure
time increases, the degree of polymerization, seen as the interface between the liquid and gel PEG, becomes more
apparent, however the size of these regions remains constant. Reproduced from Debroy et al. [45]. (c-e) A series of
PEG gels of identical chemical composition and light exposure for a range of diameters. While the inner polymerized
region, shaded green, grows with the microgel, the un-polymerized region, shaded blue, remains approximately the
same size regardless of total gel size. Reproduced from Krutkramelis et al. [101].
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gels beyond what is achieve with PEGDA alone. Unlike water, PEG does interact with the PEGDA during polymer-
ization, however, lacking acrylate groups, the PEG does not propagate the gel chains, resulting in a decrease in
elastic modulus, and decreasing the degree of polymerization [27) [45] [126]. This allows for precursor gels which
are similarly viscous to higher PEGDA concentration gels, with lower effective elastic modulus and greater swelling.

While the specific mix of chemicals has a major impact on gel properties, these are not the only factors in
polymerizing PEG gels. Both the intensity and duration of light exposure, as well as the concentration of oxygen
in the surrounding fluid will have an effect on the polymerization process. The mechanism of crosslinking PEGDA
chains together utilizes a photoinitiator (PI) present to bind the acrylate groups together, as shown in Fig.
[45,146]. Oxygen is consumed by the Pl preferentially over reacting with the PEGDA, thereby not crosslinking where
oxygen is present. As the gel is exposed to light of a given intensity, a shell of gel will achieve homeostasis between
the diffusion and consumption of oxygen, thereby remaining liquid. In effect this means that regardless of UV
exposure time and the overall size of the gel, a standard thickness of gel will remain un-polymerized due to oxygen
inhibition , as shown in Fig. [2.1b-e [45, [101]. Multiple strategies exist for mitigating these effects in practice, ranging
from increasing the proportion of PI, to increasing light intensity, to adding oxygen scavengers to surrounding the
microchannel with inert gas instead of air [45],[101], 53] [20]. Generally, a greater degree of crosslinking and rigidity,
as well as reduced swelling occurs where light exposure is more intense and longer, although this increase in
crosslinking is limited to where oxygen is not present [56, |11}, [75].

To summarize, the density of the gel polymer network is shown to increase with increases in PEGDA monomer
concentration and acrylate density. The polymerization process is also important, as greater photo-activation, be
it from decreased oxygen, increased light intensity, or increased Pl concentration will increase the gel network
density and stiffness. Meanwhile, by replacing the water with non-functionalized PEG, it is possible to polymerize
increasingly soft gels, by competing with the acrylate in the un-polymerized PEG gel. While these trends may act
as guidelines to how changes in gel formation will change the final product, they also reveal a complicated interplay
between the various PEG precursors and the polymerization process. In other words, PEG gels are not easily

characterized simply by observing the aforementioned trends, and still require direct investigation.

2.1.3 Microgels

As hydrogels can be set in liquid form and then turned solid, particularly via photo-polymerization, they offer the
ability to form into any variety of shapes. Several lithography techniques exist which utilize the selective exposure
to ultraviolet light (UV) to polymerize hydrogels into arbitrary two dimensional columnar shapes [511, 52,149, [152, 149,
66]. For example stop flow lithography, shown in Fig. [2.2a-b, will stop the flow of liquid photoreactive PEG, rapidly
expose the static fluid to UV through a mask, and then flow again to remove the custom particles [152, (183, 86/ 52|

49]. Furthermore, hydrogel fibers have been created by selectively polymerizing flowing hydrogels, as well as using
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lithographic masking [56, 133].

Still, perhaps the simplest and one of the most versatile formulations of microfluidic hydrogels are spherical
hydrogel particles, or microgels. The simplest method to make these microgels is to polymerize the gel as spherical
droplets [49, 40| [45] [174]. Unlike with the lithographic polymerization, droplet based microgels can be polymerized
by any method, be it purely chemical, photolithographic, or thermal [66, [182] [40]. This is because by isolating the
hydrogel in an emulsion, the particles can solidify independently and be controlled in their formation that way.

Emulsification also offers the possibility of creating layered microgels. This is especially potent when combining
droplet microfluidics with lithography. In doing so, it is possible to freeze solid two different hydrogel chemical
components in a Janus particle, such as that shown in Fig. [2.2c, where each half of the particle has a different
composition [49) 140} 130, (151} [132]. Lithography presents several options for creating composite particles, such as
core-shell microgels, shown in Fig.[2.2d, or the aforementioned Janus particles [49, 140, [129] 168].

The transport of microgels is often a crucial aspect of their deployment in their applications. An advantage of the
porosity of microgels is their ability to carry other chemicals within them, and diffuse them once they have reached
their end destination [40, [183]. Microgels can also be transported into droplets in order to isolate them from one
another and move them within a microfluidic system [48],13, 4, /40]. Furthermore, microgels can be barcoded to allow
for identifying different solutes contained within the gel. This is the basis for digital droplet genetic testing, such
as DropSeq or InDrops [99, 98| (118, [187, [37]. By encapsulating barcoded microgels containing different reverse
transcriptome bases with single cells, a large volume of genetic sequencing can be independently undertaken,
shown in Fig.[2.2e.

While many applications of transported microgels depend on traits such as their ability to diffuse solutes, or their
non-toxicity, the transport itself is dictated by the interaction of the transporting flow, and the hydrogel body. In cases
where the microgels are confined, their stiffness, as well as size and surface roughness will play a part in their

transport, affecting friction and flow around the microgel [96), 63].

2.1.4 Chapter Outline

This thesis focuses on the fluid structure interactions of microgels in microfluidic systems. It follows that an under-
standing and characterization of these microgels is a necessary component to understanding these interactions.
This chapter outlines the process for making microgels, which is used throughout the project. This outline includes
the protocol used for making microgels, as well as the reasoning behind both the method of droplet formation and
PEG gel chemistry. Furthermore, this chapter outlines the methods used to characterize these particles for their
size, and elastic properties. Finally, in reviewing some simple experimental measurement of microgel size and elas-
ticities, we highlight the governing trends of these properties, and emphasize the need to individually characterize

different batches of microgels.
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Figure 2.2: (a) A diagram explaining stop-flow lithography for making PEG microgels with custom shapes. A valve is
used to periodically stop the flow of a photoreactive PEG solution. A shutter then flashes UV through a transparent
mask in the desired shape of the eventual PEG microgels. The PEG then polymerizes and is flowed out of the ex-
posure region. Reproduced from Dendukuri et al. [52]. (b) A sample hollow square microgels made using stop-flow
lithography as described in (a). Reproduced from Dendukuri et al. [52]. (c) An bicoloured acrylamide janus particle.
Half of the particle is dyed with a fluorescent rhodamine isothiocyanate dye, while the other is dyed with fluorescent
fluorescein isothiocyanate. Reproduced from Shepherd et al. [157]. (d) A core-shell tripropyleneglycol diacrilate
microgel where the core has ruptured the shell of the microgel, making cup-shaped microgels. Reproduced from
Nie et al. [129]. (e) A microfluidic device used in the inDrop genetic sequencing. Microgels containing barcoded
reverse transcriptomes are flowed into droplets with single cells. These can then be used to rapidly genetically
analyze individual cells. Reproduced from Klein et al. [99].
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2.2 Microfluidic Design and Gel Production

2.2.1 Microfluidic Emulsion Devices

For these experiments, | chose to use photo-reactive poly(ethylene-Glycol) (PEG) based microgels. The un-
polymerized gel came in the form of a viscous aqueous mixture of PEG, PEGDA and PI, which could be emulsified
into droplets, surrounded by a carrier oil. These liquid drops would then be exposed to ultraviolet (UV) light until
solidified. Microfluidic emulsification allows for controlling the size of droplets, to create mono-disperse droplets
which could then be made into a batches of tens of thousands of identical microgel spheres. (Furthermore, as this
thesis focuses on fluid structure interaction, it was fitting to have the microgels which would be injected into other

microfluidic systems made via microfluidic emulsion.)

A number of on-chip methods exist for creating gel emulsions, where aqueous gel droplets are formed in an
immiscible carrier oil. Both Anna and Baroud et al. highlights three such devices; the T-junction, co-flow and flow
focuser droplet producers [18] [12]. These methods rely on the geometry and flow of oil and aqueous gel in order
to reliably pinch off droplets. This droplet formation can happen by dripping or jetting, shown in Fig. and
b respectively, although depending on the geometry, other droplet formation regimes can also exist. In dripping,
droplets form directly at the meeting of aqueous and oil flows. There, droplets are sheared off the aqueous stream.
In the jetting mode, the inner aqueous phase is carried along with the oil to make a fluid column until Rayleigh
Plateau instabilities cause droplet formation. The transition between the modes of droplet production are a function

of the junction geometry, as well as surface tension, viscosity and flow velocities of both fluids.

Flow focusers produce droplets continuously, with the mode, size and frequency of production dictated by the
fluids involved, their flow rates, and the microchannel geometry, and can be seen illustrated in Fig. a-c. Several
studies have identified general trends for describing droplet production with these parameters, showing a depen-
dence on the Capillary number, Ca = pU/~y, where p is the fluid dynamic viscosity, U the mean flow velocity and
~ the surface tension between the two phases [18, [103] 162, 12} [38], [107]. Production also depends on the ratio of
carrier to droplet flow rates, however to date there exists no universal law describing droplet production phase, e.g.
dripping or jetting, nor droplet size. Recently efforts have been undertaken to utilize machine learning modeling to

describe droplet production, but this model does little to provide insight into its mechanics [103].

In addition to droplet production by flowing carrier and droplet phase, it is possible to make droplets by only
flowing the droplet phase. Step and slope droplet production use the geometry of the microchannel junction to force
droplet production via surface tension [42) 41]. Briefly, as the droplet phase is pushed into the continuous phase,
the droplet phase is allowed to expand. In order to maintain a constant radius of curvature of the droplet surface,

the droplet phase will then pinch off creating distinct droplets. This mechanism is demonstrated in Fig.[2.3|d and e.
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Figure 2.3: A comparison of different droplet production methods. In order, a diagram of the flow focuser in the
dripping (a) and jetting (b) regimes, a micrograph (c) flow focuser, and and a diagram (d) and micrograph (e) of step
droplet producer. The diagram of a step producer in (d) is modified from Dangla et al.[41]
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Dangla et al. showed that the droplet formation follows the form

%(T - T*) ~ erop (21)

where r and »* and the final and critical droplet radii respectively, and @ is the droplet phase flow rate [41]. The
critical radius in this case is that of the droplet bulb before the droplet must have a negative curvature in the plane of
the channel to maintain overall curvature. Where the step height is larger than the inlet height, Ak > h this critical
radius is »* = h. The other aspect that makes this emulsification method unique is its relative insensitivity to flow
rate. In effect, the main contribution to droplet size is its surface tension and the step geometry (although sufficiently

large @ will create noticeable variation in droplet size).

In designing a protocol for gel making, we considered both flow focusers and step producers. Both methods
were capable to produce consistent droplets with a high degree of monodispersity when properly tuned, such
as illustrated in Fig. and e, however scaling up the production of droplets using the step producer proved
challenging. Increasing flow rates would often result in overly large droplets, as predicted by[2.1] In order to increase
production, parallel steps were necessary. This also proved challenging: despite having channels of nominally equal
hydrodynamic resistance, the flow through each channel was not equal. This is because the droplet phase entering
into the oil phase creates variations in each channels resistance, which were magnified rather than dampened by
the interaction of the two phases. These variations were sufficient to create droplets more than twice the desired

size, while other junctions produced the desired droplets, or no droplets at all.

Flow focusers, unlike step producers are extremely sensitive to the flow rates of both the carrier and droplet
phases. In practice this is both a challenge and an advantage. Achieving reproducible droplet production between
experiments requires care, as small variations in the viscosities or surface tension means tuning of the carrier
and droplet flow rates must be performed each batch. Furthermore, this droplet production can hide higher order
instabilities in the production of droplets, periodically changing the size of produced droplets if not tuned correctly.
When these factors are carefully controlled however, flow focusers allow for consistent tuning of multiple droplet
sizes and production rates without changing microchannel geometry. This allows for modifying droplet size on the

fly, without requiring multiple chips to be made.

Some of our early tests for making microgels utilized a step droplet producer, as when simplified to only a few
parallel channels, it was capable of making monodisperse droplets, albeit at a slow pace. Because of the versatility
provided by the flow focuser, we opted to use flow focusers to create our microgels. This decision was largely so
that a single microfluidic chip design would be capable of consistently creating droplets of a range of sizes, rather

than be confined by the step height, as is the case for step emulsifiers.
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2.2.2 Droplet Stability

A major consideration in producing droplets to be transformed into monodisperse microgels is the stability of these
droplets. While tuning the droplet production at the flow focuser could be used to ensure that only identical droplets
were initially created, surface tension between the droplet and carrier phases creates a tendency for droplets to
fuse together when disturbed (furthermore, the surface tension between droplet and carrier is a major factor in
droplet formation, as flow focusers droplet production has been shown to depend upon the droplet Capillary number
[18 116 [15]). Using microchannel geometry, it is possible to force two droplets into contact with one another, while
simultaneously straining the droplet surfaces [18| 124, [133]. As the two surfaces are strained and in contact, a bridge
of fluid can be formed between the two droplets, which will then be pulled together by the same surface tension
forces. Understanding the kinetics involved in droplet fusion is crucial to ensuring monodisperse gels are made,

especially as droplet fusion was observed in early experiments to be stochastic, and the resulting gels polydisperse.

Once the droplet interfaces are pushed into contact with one another, the mechanics of the droplet interface
come into play with respect to fusion. The addition of surfactants is one way to mechanically create a barrier to
droplet fusion [18] [15]. Surfactants are molecules or particles which sit within the droplet surface. Limiting focus
to chemical surfactants such as those used in this thesis, the surfactant contains a hydrophilic and hydrophobic
component, and adsorps/desorps between the fluid bulk and the droplet interface [120, [15]. These surfactants have
the effect of reducing the droplet surface tension. The surfactants themselves raise the energy necessary to bring
two droplets into contact at the microscopic level. Steric repulsion of the surfactant mollecules at the surface of the
droplets maintains a separation [15]. Additionally, the Marangoni effect, where surfactant gradients upon a surface
create a flow in the bulk fluid, also resists the drainage of fluid separating the droplets [15]. Previous experiments
have used this fact in order to control the fusion of two droplets, without moving the droplets themselves [16], [15].
This is especially important when considering the spontaneous fusion of unperturbed droplets in contact with one
another. In the early experiments for droplet production, droplet fusion events were common, especially for liquid

PEG droplets, which had a high surface tension compared to the carrier oil.

A simple comparison of droplets made and allowed to rest using 0.5 and 3 % RAN surfactant (008-flurosurfactant,
RAN biotechnologies, Beverly MA) in the carrier phase as well as 3 % RAN in the carrier phase and 0.2 % sodium
dodecyl sulfate (aq) (SDS, Sigma Aldrich, Darmstadt Germany) surfactant in the droplet phase, shows the necessity
for sufficient surfactant presence in droplet production. The droplets are made of an aqueous mixture of 30 %
PEGDA, 30 % PEG and 5 % PI, with FC-40 (Fluorinert FC-40, Sigma Aldrich, Darmstadt Germany) containing RAN
surfactant as the oil phase. These droplets were made using a step droplet producer to allow for identical flow
rates without influencing production with surface tension. The results can be seen in Fig. There is a clear
improvement in stability when increasing from 0.5 to 3 % RAN, and again with the addition of SDS to the droplet

phase. These tests showed the necessity of surfactants in both the carrier and droplet phases.
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Figure 2.4: Micrographs of PEG droplets made using a carrier phase containing 0.5 % RAN (a), 3 % RAN (b) and
3 % RAN with 0.2 % SDS in the droplet phase (c). (d) A comparison of the diameters created during this process.
Monodispersity is improved when increasing the RAN content as well as when adding 0.2 % SDS
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2.2.3 Hydrogel Making Microchannel Design

Both on and off chip photo-polymerization were tested with the PEG drops. Off chip polymerization posed several
practical problems, mainly with respect to monodispersity. Between droplet formation and collection off chip, the
droplets underwent changes in confinement, which resulted in some drops fusing. Furthermore, some droplets
would solidify at their core, fuse and then further solidify, creating oddly shaped particles. While the addition of
extra surfactants within the carrier and droplet phases mitigated this, it was still not sufficient to make monodisperse
microgels. On the other hand, on chip polymerization had the advantage of polymerizing droplets exactly as they

were seen under the microscope, preventing fusion events during transport.

The flow focuser channels designed here had three inlets and a single collection outlet for collecting polymerized
gel droplets, as seen in Fig.[2.5a. The oil and water inlets connected at the flow focuser itself were used to control
the formation of the droplets themselves, tuning flow rates for desired droplet size and production frequency. The

second oil inlet was used to control the speed of droplets as they passed below the UV lamp.

Several iterations of flow focuser design were tested. The first iterations were modifications of a simple flow
cross, with no neck, (the neck being the narrow 25.m section of the microchannel in Fig. [2.58). In general, this
produced larger droplets, and so the height of the flow focuser was reduced to limit droplet volumes. These droplets
would often contact the top and bottom of the channel, resulting in pancake shaped gels, rather than the desired
spherical gels. A step was introduced to the channel where the second oil flow meets the droplet and first oil inlet,
which allowed the drops to relax from their pancake shape to a sphere. This is similar to the steps described
in Fig. and e, where the channel height increases, after which the channel height would be greater than the
droplet diameter. This step had the unfortunate drawback of often causing droplet fusion, as droplets would undergo
rapid changes in shape when passing the step. Ultimately this design was updated to the design shown in Fig.[2.5g,
where a neck was added to the flow focuser. This allowed for smaller, spherical droplets to be manufactured while
using a single layer channel. Molds of heights ~ = 80, 100, 150 and 200 xm were made to allow for a wide range
of droplet sizes. This single layer design allowed for droplets to be fully relaxed without any changes in confinement

after formation.

Micro-channels were made in Polydimethylsiloxane (PDMS, SYLGARD 184, Sigma Aldrich, Darmstadt Ger-
many), using standard soft lithography [140, [125]. To summarize the process, to scale lithographic masks were
used to create a mold of the channel in SU-8 (SU-8-2000 series, Kayaku Advanced Materials, Westborough MA),
as described by the manufacturer. The SU-8 was spin coated on the silicon wafer and heat treated, before expo-
sure to UV solidifies the SU-8. Afterwards, further heat treatment and a chemical bath removed the excess SU-8,
leaving a 3 dimensional mold in the shape of the lithographic mask. The height of these molds were measured
using a scanning profilometer (Kinexus Ultra+, Malvern Panalytical, Malvern UK) These molds were then covered

in approximately 1 cm of PDMS (10:1 base to crosslinker), and degassed in a a vacuum chamber. The PDMS was

38



a
Velocity Carrier Disperse =

Oil In Oilln  Gel In UV Collection

\ /
— /
@

Dilute\ s /Remove
Sample } Aspirant

Created in BioRender.com bio

Figure 2.5: (a) A reproduction of the microfluidic mask of the flow focuser used in this experiment. This flow
focuser was designed as a single height microfluidic chip. A micrograph of droplet production at the flow focuser
junction is included. Micro-channel dimensions are shown, with the neck width varying from 25um (shown) to 66m.
Microchannel height varied from h = 80um to h = 200um depending on desired droplet size. (b) A diagram of
the experimental setup. Three syringes were connected to syringe pumps, and attached to the flow focuser, under
a microscope. The droplets were measured during production to ensure proper sizing. UV light was provided
to the flowing droplets. Microgels were collected in a collection tube. (c) The wash cycle protocol is illustrated.
Microgels were washed by a cycle of adding solvent, mixing, centrifuging to separate the microgels from aspirant,
and removing the aspirant. This cycle was repeated several times, adding FC-40, ethanol, water and finally 10 %
aqueous SDS.
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then baked until solid at 70c, for 2-24 hours. The PDMS was cut out of the mold, holes were punched using a 1 mm
biopsy punch, and plasma bonded to a glass microscope slide. After plasma bonding, the PDMS and glass were
made hydrophobic/fluorophilic by injecting an electronics coating (NOVEC 1700, 3M Company, St Paul MN) into the
channel and baking at 110C for 30 min. This coating was repeated twice over before the microchannel was ready

to be used.

2.2.4 Hydrogel Preparation

The PEG gel chemical composition used in this work was selected based on the work of Duprat et al. [56], describing
how PEG can be balanced with PEGDA during gel formation. In the case of this thesis, the hydrogels used were
PEG based. A mixture of PEG, PEGDA, and photoinitiator (Pl, 2-hydroxy-2-methyl-1-phenyl-propan-1-one, Sigma
Aldrich, Darmstadt Germany) were mixed in an aqueous solution before being injected into the microchannel to be
polymerized. The PEG used here had a molecular weight of 200, and PEGDA had either a molecular weight of
575 or 700, depending on the desired gel elasticity. This allowed for an additional flexibility in tuning the microgel
stiffness. Additionally, in order to make tracking the motion of solidified particles easier, fluorescent 1 ym microbeads
(Polybead Polystyrene 1 um microspheres, Polysciences Inc., Warrington, PA, USA) were added, in low enough
concentrations so as to not effect overall chemistry or material properties (0.1 % solid w/v). Finally, for some
microgels, SDS was added to the gel mixture to reduce the surface tension between itself and the oil phase. This
surfactant is non-reactive with the PEG, remaining in the surrounding water, although its overall effects on the
eventual properties of the microgels were not tested here. Early mixtures tested varied the relative quantities of the
above components wildly, but it was realized that a mixture including 5 % PI, and 65 % PEG and PEGDA combined,
with approximately 10-15 % PEGDA, would achieve soft and stable and reproducible microgels.

Due to the light sensitivity of the PEG mixture, it was prepared by mixing in an ultraviolet light free environment.
Furthermore, once this liquid was loaded into a syringe, the syringe and tubing were wrapped in aluminium foil to
prevent light penetration. The gel precursors were vortexed to ensure full mixture of all components, both during
preparation and immediately before loading into the syringes, as some components may separate if left for long

periods.

2.2.5 Protocol

In order to make microgels, one syringe filled with the PEG mixture, and two with the FC-40 and surfactant mixture
are connected to the microchannel inlets, as shown in Fig. [2.5a. The syringes are then connected to a syringe
pump (Nemesis, Cetoni GmbH, Korbussen Germany) as shown in Fig. [2.5p. The microfluidic channel is placed on
an inverted microscope (Eclipse Ti, Nikon Europe BV, Netherlands), with the 10x objective aimed at the desired UV

exposure zone. This region of the microchannel is shown in Fig. [2.5p, approximately midway on the strait portion
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of the channel leading up to the outlet. The outlet of the channel is connected via 1 mm outer diameter tubing to
a collection tube. The oil (FC-40 containing 1.5 % w/v RAN fluorosurfactant) fills the channel in order to eliminate
bubbles.

Once all bubbles are eliminated, the flow rates for the drop phase, carrier phase and transport oil are set to cre-
ate the desired droplet sizes. The droplet size is measured digitally via a high speed digital camera (SA3 fastcam,
Photron Europe Itd., Wycombe UK). To aid with the process, a first estimate of relevant flow rates is made using a
droplet size prediction tool [103]. Once the desired droplet sizes are achieved, the UV lamp (X-Cite®120 Fluores-
cent Lamp, EXFO Photonic Soln., Mississauga Canada), connected to the inverted microscope is turned on at full
strength. This ensures the diameter of the microgel most closely matches the droplet diameter, accommodating any
oxygen inhibition. The channel is exposed to UV as indicated in Fig.[2.5p, with care to ensure any area upstream of
the flow focuser is not exposed so as to remain liquid.

Polymerized droplets continue to flow through the outlet tubing and into a collection tube (occasionally, the user
should check to ensure the channel has not become clogged with microgels, which can on rare occasion occur).
Once a sufficient volume of microgels have been recovered, at least 0.2ml of gel, water is added to the microgels.
This ensures the microgels do not fuse together and then continue polymerizing, creating non-spherical gels. Then
gels are washed to allow them to be injected into aqueous flows. The washing cycle is illustrated in Fig.[2.5c. The
microgels are washed first with pure FC-40 to remove any surfactant, then with ethanol (70 % (aq)) to ensure all
FC-40 is removed, and then twice with water to ensure all ethanol is removed. Finally the gels are suspended in
10 % SDS (aq) to prevent the microgels from sticking. These microgels are left to swell overnight before being

characterized for size and material properties.

2.3 Microgel Characterization

2.3.1 Droplet to Microgel Size

The first and simplest characteristic of microgels are their sizes after creation. Fig.[2.6/shows a sample comparison
of gel droplet sizes with their polymerized and swollen counterparts. There is a clear correlation of microgel size
with their un-polymerized droplets. Interestingly, the ratio of liquid to gel diameters is not consistent across the
different PEGDA concentrations, nor across the different gel sizes. This trend reflects the two competing factors
impacting changes in droplet size: inhibited polymerization by oxygen and swelling. Previous studies have shown
that a constant thickness of liquid gel will exist after polymerization due to oxygen diffusion [101], [45]. Swelling
meanwhile is expected to increase with gel volume. This would lead to an expected correlation of increasing in
relative diameter, dge1/ddrop. Fig. however shows no clear correlation between ddgc1/dddrop and darop. From

these facts combined, it is clear that a factor beyond the chemistry of the microgels is affecting the balance of

41



swelling and oxygen inhibition.

The trends of droplet and gel diameters across PEGDA concentrations being insensitive or even opposite the
expected swelling and oxygen inhibition is hypothesized to be primarily due to differences in UV exposure time during
initial polymerization. In general, smaller droplets were made using lower droplet and higher carrier flow rates, as
is typical during dripping droplet production [18l 12]. In order to maintain a high droplet production rate however,
this results in an overall increase in flow rate through the microchannel, and therefore a decrease in time exposed
to UV. There are further complicating factors, which also may affect the final droplet size, ranging from the time
under UV exposure [45], to the concetration of PEGDA [163] to microchannel thickness affecting oxygen diffusion.
Furthermore microgels were exposed to light after polymerization and were allowed to swell in a water bath. The
interaction of these factors is complicated, and as they were not controlled for it is difficult to draw conclusions as
to which is responsible for the trends between droplet and particle diameters. The challenge of controlling for all
possible factors influencing the microgel size highlights the need to avoid over reliance on bulk measurements to
predict microgel swelling/oxygen inhibition.

Additionally, the gels created through this method have high degree of monodispersity, with a standard deviation
of 2-5 % in both the liquid and photo-activated stages. Some of the variation in droplet size was observed during
droplet making, where periodically, the droplet size would vary slightly. This may be attributed to the choice to use a
flow controlling syringe pump, rather than a microfluidic pressure controller, which avoids any periodic inflation of the
microchannel due to any air which may still be in the system. Practically speaking however the use of syringe pumps
was deemed more versatile and easy to use, with less need to calibrate the entire setup when making microgels.
Furthermore, as we will see in future chapters, some degree of polydispersity is not detrimental to the experiments

performed in this thesis.

2.3.2 Microgel Stiffness

Generally hydrogels exhibit a porous, viscoelastic behavior [164), [134]. For many applications however, the simpler
linear elastic model is sufficient to describe most microgel behaviour [134]. In this thesis | use both microinden-
tation and microfluidic traps to measure the elastic modulus. The method using microgel traps, not dissimilar to
micropipette aspiration, will be described in a later chapter. Microindentation is described by Guillou et al. as a
method to measure microgel moduli using an indenting cantilever, shown in Fig.[2.7]a and b [70]. In short, microgels
are trapped by a lightly aspirating pipette. A custom cantilever hammer is then pressed against the microgel using

a piezo controller. A microscope measures the displacement and force on the cantilever head, and determines the

apparent stiffness, E* = —£ of the particle by Hertzian contact as
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Figure 2.6: A comparison of 9 batches of microgel diameters before and after photo-crosslinking. The microgels
in question contain a total of 65 % (v/v) PEG mw200 and PEGDA mw700 with varying proportion, as well as 5 %
(v/v) Pland 1 % (w/v) SDS (aq). An inset shows a typical micrograph of gel particles which have been placed on a
microscope slide in order to have their diameters measured.
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Where F' is the contact force between microgel and cantelever, r is the effective radius and [ the deflection of the
cantelever into the microgel. The apparent stiffness is defined in terms of the elastic modulus E and the Poisson
ratio v of the microgel. Because the cantilever has an elasticity several orders of magnitude greater than that of the

gel, its contribution to E* is neglected in this formulation. The effective radius, r is defined in terms of the microgel,

-1

—1
Tgel

+ Tprobe

-1
rge1 @and cantilever probe radii, 7,0 @S 7 = ( ) . The force F applied to the microgel is related to the
deflection of the probe into the gel, I/, by the probe spring constant, &, and the difference between deflection at the
base, I},.sc and tip of the probe [, such that

F= k(l - lbase)- (23)

We compare the elastic modulus of four different microgels by microindentation, as shown in Fig. [2.7¢. Impor-
tantly, this shows that by varying the concentration of PEGDA within the microgels from 10 to 15 % (v/v), a change
in elasticities from E* ~ 100 Pa to E* ~ 10 kPa can be achieved. Furthermore, changing to a lower molecular
weight polymer, 700 to 575 mw PEGDA, changed the stiffness by an order of magnitude. These microgels are on
the softer side for PEGDA based microgels, with many in literature reaching the E* ~ 1 M Pa range [47,[121]. In
general, the microgels made using a lower fraction of PEGDA tend to have a lower stiffness, while a decrease in
molecular weight also increases the microgel stiffness. This is broadly in agreement with literature, as more densely
packed PEGDA chains will result in a tighter gel matrix [47, [61], 121, [182]. There is also a slight increase in elastic
modulus with microgel diameter when comparing the 10 % PEGDA mw700 microgels. This may relate to the oxygen
inhibition present, as smaller gels will be inhibited closer to their core, polymerizing at a slower rate, or it may be the
result of variations in the time under the UV lamp, as this was not rigorously controlled for.

A second aspect of these microgels is the wide distribution of microgel elasticities within each sample. In the
realm of microgels, large uncertainties e.g. greater than 20 %, in material properties are not entirely uncommon
[121] [61]. Variations between individual microgels in time under the UV light may contribute to the changes in
elasticity, as microgels which passed at the centre of the UV exposure channel would travel at a faster velocity and
thus receive less exposure. There is also the possibility of small variations in chemical composition between gels
which may have a magnified effect gel to gel if for example the liquid gel has some species variation after mixing,
or some settling occurs during the time it takes to inject the gel solution. This variation also highlights the physical

properties of hydrogels which are not necessarily present in bulk hydrogel analysis [40].

2.4 Conclusion

This chapter has gone over the creation of microgels which will be used throughout this thesis. Using a flow focusing
microfludic channel, PEG droplets were made, and polymerized in the channel when exposed to UV light. These

particles were then washed and allowed to swell before being characterized and used in future experiments. PEG
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Figure 2.7: (a) A diagram of microindentation, as described in Guillou et al. [70]. The cantilever is shown compared
to its original position (faded) to illustrate the deflection at the base and at the indentation. (b) A micrograph of
microindentation using an imobilized microgel. (c) A comparison of microgel elasticities measured by microindenta-
tion. All microgels contained 5 % (v/v) PIl, 1% (w/v) SDS, and a total of 60 % (v/v) PEG mw 200 and PEGDA. Each

point represents one sample, with n > 6.
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was selected as the gel to use in these experiments in part because of the versatility photo-polymerization allows
for, in conjunction with the range of physical properties which can be tuned for by carefully controlling the chemical
makeup of the particles, in particular the elastic behavior of the particles.

The PEG droplets made here had a high degree of monodispersity both before and after polymerization and
swelling. The droplet sizes could easily be tuned to the desired size. While both oxygen inhibition and swelling were
observed, the degree of each was not consistent between tests, resulting in final particle sizes which were difficult to
predict. This is likely due to other factors in droplet/microgel production which were not controlled for. The gels made
here have a large range of stiffness, ranging as low as E* ~ 100 Pa. This was achieved by polymerizing gels with
low concentrations of PEGDA relative to the PEG content, as well as allowing the gels to swell. Some tuning was
required in order to achieve the desired elastic properties (similarly to tuning for microgel size). In both cases, no
complete guide to these properties exist, as both involve many interacting variables; flow rates and geometry in the
case of the flow focuser for droplet size and the gel chemistry and UV exposure for its mechanical properties. While
certain trends have been highlighted in the literature, no complete guide exists. Furthermore, unlike with gel sizes,
the elasticities of these microgels were relatively polydisperse (see Fig.[2.7). This is to be expected for particles of
this size, where the range of elasticities is logarithmic. In all cases, these experiments highlight the necessity to test
the properties of the gels made for every batch and set of tests, and not to rely too heavily on literature estimates.

Microgels are in many ways an ideal soft solid to measure fluid structure interactions in microfluidic environments.
To date, extensive research has been done on the subject of fibers and films, however as spheres are compact,
the cases where fluid forces are capable of deforming them are more rare. These scenarios only occur where
the spherical body in question is extremely soft relative to its environment, such as the case for soft microgels, be
they cellular environments, a proxy for biological/tissue materials, chemical carriers, or soft sensors. In the coming
chapters, | will expand upon the deformation these microgels undergo in non-axisymmetric environments, such as
those of a typical microfluidic chip, where the particles are subjected to a coupled balance between the forces of the

fluid flow, and the microgels own deformation.
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Chapter 3

Deformation of Trapped Microgels ina 1D

Constriction

3.1 Introduction

Micro-particles moving through microfluidic constrictions must first enter into the constriction before they can pass
through it. During their entry, these particles undergo considerable change in shape, from spherical to conforming to
the microchannel. It follows that the process of deformation which these particles undergo is crucial to understanding
more broadly the passage of soft microparticles through constricting channels. In the case of cells, the deformation
from penetrating into a micro-constriction can have lasting effects to their cellular mechanics and physiology [39,
119, 73], 185].

The geometry of the particle and microchannel play a large role in the fluid-structure interaction of particles
entering into a constriction. One of the simplest geometries is the axisymmetric particle and constriction. In this
case, a spherical particle, such as a cell or microgel, flows into a cylinder or conical section with a smaller radius than
the particle, see Fig.[3.T-b. One of the earlier examples of a microfluidic constriction being described mechanically
was done by Theret et al., where cells were aspirated into a micropipette to mechanically characterize them [157].
This model looked specifically at pipettes significantly smaller than the cells they would aspirate, but more generally
this laid the groundwork for a range of variations on micropipette aspiration [71, (64}, (80, [104, [105] 112] [64]. More
recently, this same methodology has been adapted for microfluidic channels [104], 105, 57]. In these cases, the
micropipette was approximated by a small square opening within a microfluidic channel allowing for rapid fabrication
using conventional soft lithography. In the case of Elias et al. the micropipette approximation was further developed,
accounting for the change in curvature of a vesicle induced by the square geometry, providing a more accurate

description of micropipette aspiration in non-circular geometries [57].
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Figure 3.1: Examples of different geometric types of constriction entrances. (a) A cell entering into a sudden ax-
isymmetric constriction. In this case the cell is undergoing micropipette aspiration to assess the viscous modulus.
Reproduced from Gonzalez-Bermudez et al. [64]. (b) A tapered capillary containing an acrylamide based microgel.
As pressure increases the microgel is pushed further into the capillary, thereby measuring its Young’s modulus. Im-
ages are provided in descending order of increased pressure. Reproduced from Wyss et al. [173]. (c) The passage
of a red blood cell (RBC) through a tapered microfluidic constriction. The in plane height of the microchannel is
kept constant. The constriction was placed in series with identical constrictions to measure the impact of repeated
confinement and release. Reproduced from Guo et al. [73] (d) An elastic cell as it enters into a microchannel which
suddenly decreases in height and width. A diagram of the microchannel is provided as well. Reproduced from Luo

et al. [117].



Tapered constrictions, such as that shown in Fig. [3.1p, have also been explained mechanically. By forcing parti-
cles into a conical constriction, dubbed capillary micromechanics, the elastic modulus of particles can be measured,
compared with the contact pressure provided by the tapered capillary [173] [71) [7]. This methodology has been ap-
plied to both polymeric particles [173}[711[100], as well as cellular materials [7]. Suction into these tapered capillaries
have been described analytically in full, including not only as they enter the tapered region, but also as they exit it
into a straight constriction [110} [111].

One aspect which considerably simplifies the analysis of axisymmetric constrictions is that the microparticle
completely plugs the flow, leading to an even distribution of pressure on either side of the particle. Additionally, by
treating the particle as axisymmetric, the analysis of the forces deforming the particle becomes considerably simpler,
as the problem becomes two dimensional. While numerous studies have been performed observing the entry of
particles or cells into rectilinear microfluidic constrictions [177], only a handful have specifically attempted to model
the deformation of these particles. Guo et al. has created a model for the entry of red blood cells into a constriction
[72 [73]. In this case, the constriction is gradual, maintaining a constant microchannel height, and angling the walls
of the microchannel together, as shown in Fig.[3.1kc. This modeling has also been serialized in order to describe the
effects of repeated deformation [119]. More recently a model for microgels in a similar geometry was described by
Xu et al., but this time, the study focused on microgels, which behave more like a conventional soft solid than a fluid
capsule. This also parallelized the process, allowing for simultaneous observations of multiple microgels.

More abrupt constrictions have also been considered. As well as the general geometric differences to other
constrictions, these sudden constrictions also emphasize the fact that the particles entering do not fully plug their
microchannels, leading to leaks around them. Preira et al. developed a model of cellular entry into a one dimensional
constriction, modeling the cell entry as a viscous drop [139]. This notably accounted for flow around the cell,
approximating it as a droplet described by the Bretherton model. Luo ef al. and later Davidson et al. used a
combination of numerical modeling and experimental data to model the entry of cells into a sudden reduction in
microchannel height and width, see Fig. [117) [43]. Using this geometry, it is possible to characterize the
instantaneous elastic modulus of cells undergoing deformation [117), 143 [112]. The description of cellular passage
into abrupt one dimensional constrictions to date however has been limited to either using more established models
of droplets, or has relied heavily on empirical modeling to describe the behavior.

In this chapter, | aim to create a model of microgels entering into a one-dimensional constriction, using a com-
bination of experimental and numerical data. The model used in this chapter is based on fundamental principles
in contact mechanics, as well as laminar fluid mechanics, in order to describe the three dimensional deformation
of a solid microgel particle in the early stages of penetrating a constriction. Similar to many other applications of
microfluidic constrictions, this model can be used as a novel method of analyzing the elastic properties of the mi-
crogels in question. Finally, in describing the way in which fluid forces deform a microgel entering a constriction,

| lay the groundwork for looking at the same problem in reverse and answering the question of how the entry of a
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Figure 3.2: (a) A diagram of the region of interest for the microfluidic trapping channel. The bypass and thrupass
are shown in full. Zooming in, the a diagram of the bypass/thrupass junction shows microgels passing and getting
stuck in the trap. Further zooming in, a micrograph of a trapped and deformed microgel is shown. (b) A diagram of
the microfluidic trap with relevant dimensions labeled. The thrupass is separated into the trap, where the gel rests
and slit region, which constricts the gel and prevents passage. (¢) A negative of the full microfluidic channel mask,
presented at 2x scale. The microfluidic mask used in this work, is presented alongside the original design, which
included ten parallel traps for each size of trap slit.

microgel into a constriction affects the flow around it.

3.2 Methods

3.2.1 Single Thickness Microfluidic Trap Design

The design of the microfluidic trap is composed of four sections: the inlet, a "thrupass” line containing a microfluidic
trap, a channel bypassing the trap, and the outlet of the channel. A flow containing a dilute suspension of microgels
passes through the channel, and a microgel will flow preferentially into a trap, at which point the trap will be occupied
and other gels will then flow through the bypass line, as shown in Fig. [3.2a. Once the trap is occupied it begins
to plug, and pressure is controlled by flow through the bypass line. As flow and thus pressure are increased, the
microgel is pushed further into the trap.

In order to maximize adaptability, a single mask design was used to make microchannels of different heights.
In order for the single microfluidic mask to be usable with microgels of different sizes, the main channel width was

set be w,, = 200 um except at the trap slit, which was larger than any microgel tested. A diagram of the trap is
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shown in Fig.[3.2b, and the full mask is shown in Fig. The width of the trap slit was selected to cover a range of
possible microgel sizes, measuring w = 75, 50, 35, 25, 15 um at each successive trap. This allowed for a single
microchannel to test several microgels at once, and test the effect of varying w on the gel deformation. Ultimately,
for the range of microgel sizes/elasticities tested here, only the widths w < 35 pum were actually tested, with the
larger sizes kept as an option for future tests. Additionally, while corners were right angles in the microfluidic mask,

they were in practice rounded, with radii . measured each test.

Initial designs of the microchannel included multiple parallel thrupasses for a single bypass. This was done with
the intention of rapidly measuring the deformation of multiple microgels at once. This aspect of the design had to
be abandoned however, as upon early testing, it became apparent that microgels would plug their respective traps
at different rates. This made measuring the pressure applied to the microgels challenging and significantly reduced
the pressure experienced for gels downstream. This effect has been studied by Guermonprez et al. [68], who
showed the differences in flow for identical channels in parallel. The uneven flow was exagerated by the fact that
the microgels themselves had an effect on the hydrodynamic resistance of each thrupass. Any microgel which did
not plug its trap as much as the others would let flow pass through that trap, and limiting flow through the bypass,
making the system unusable. Ultimately, this aspect of the design was cut out, leaving only the five microfluidic traps

per chip, see Fig. for comparison.

For the traps to be effective, they had to be designed to trap a single microgel each at a time. This meant that
the channel height had to be nearly the same as that of the microgels being tested. Therefore the height of the
microchannel, h, was set to be approximately that of the microgel which was undergoing testing, which in the case

of this study was h = 85 yum and h = 140 pm.

Hydrodynamic resistance is a principal concern when designing the specific geometry of the thrupass/bypass

channels. Resistance is defined as the ratio of flow to pressure through a channel, such that

R= (3.1)

P
Q)
where P is the pressure difference from the entry to exit of a section of flow, and @ is the flow rate in the channel.
Where two channels exist in parallel, flow will preferentially pass through that of the lower resistance. In effect this
process is analogous to electronic resistance, where pressure is an analogue for voltage, and flow rate is analogous

to current. Resistance in a rectangular channel is described in detail in Mortensen et al. [127] and is calculated as

Wch

R = w (3.2)

2 12 ’
Wen h

where z, is the length of the channel, 1 is the fluid dynamic viscosity. a(*“2) is the shape factor for the rectangular
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h =85 pum h =140 pm

Rpyp(wen = 200 pm) | 2.7 102 Pasm™ | 7.7+ 10! Pas m™3
Ripru(w = 15 pm) 9.9% 10" Pasm™3 | 5.6 %10 Pasm™3
Ripru(w =25 ym) | 2.8 %101 Pasm™3 | 1.4% 10! Pasm™3
Rippo(w = 35 pm) 1.4%10" Pasm™ | 6.3% 10 Pasm™3

Table 3.1: The resistances calculated for the bypass and thrupass lines for various channel heights, 4, and trap slit
widths, w. Resistances are calculated for 10 % (aq) SDS. Note that the actual resistance for the bypass channel is
calculated based on the channel width measured under the microscope for each individual microchannel.

channel defined as

3/ wep \2 w, w, -1
way | T() (Ba) 9 o)
a( i ) = 5 (71_2 — 35 tanh 5 . (3.3)

The bypass length was selected to be z,, = 101 mm, such that the resistance of the bypass line would be
greater than the thrupass, Ry < Rpyp. This means that flow, and therefore the microgels, would preferentially
travel through the thrupass line, getting trapped. The trap and bypass resistances can be found in Tab. [3.1] for the
two channel heights tested here. While these resistances are calculated for the viscosity of an aqueous solution
of sodium dodecyl sulfate (SDS, Sigma Aldrich, Darmstadt Germany), the resistances would be proportionally the
same, as Ry, « pu. In order to maximize precision, the thrupass resistances were recalculated based on the actual
value of w measured on each micrograph, as slight variations in width, i.e. ~ 1 ym, would modify the values of Ry,
enough to affect the results presented.

The microfluidic channel itself was manufactured using the same methodology described in a previous chapter,
using conventional spin-coating SU-8 soft lithography [140]. After the microfluidic channel was designed in a vector
editing software, a high resolution photomask was printed to scale. Su-8-2000 (Kayaku Adv. Mat., Westborough MA,
USA) was spin coated on a silicon wafer and exposed to ultraviolet light through the photomask, as per manufacturer
instructions. The excess was washed off, and the mold soft baked. The mold height was measured using a scanning
profilometer to verify it matches the desired size to within 5 um. Over the mold, a mix of 10:1 polydimethylsiloxane
to crosslinking agent (PDMS, SYLGARD ®186, Sigma Aldrich, Darmstadt, Germany) is poured over the mold and
baked for 2-12h at 70°C. The channel was cut out, and 1 um holes were punched at the appropriate locations before
plasma bonding to a glass microscope slide. To limit any possible adhesion between the microgels and the PDMS,
the microchannel was treated with a hydrophobic electronics coating (NOVEC 1700, 3M Company, St Paul MN),
injecting the coating fluid and heating the microchannel to 110°C for 30 minutes. The coating was repeated twice.

Due to the limitations of soft lithography with such sharp changes in scales and large aspect ratios, there was
some variation between the microfluidic mask and the width measured in the microfluidic channels. The slit width
in particular was prone to varying from its prescribed width. While the microfluidic mask had slit widths of w =
15 pm, w = 25 pm and w = 35 pm, in practice in our experiments these widths measured w = 21.1 + 1.1 um,
w=30.7+ 1.9 pm and w = 44.2 + 5.2 um respectively. Similarly, the microfluidic design calls for angular corners,

however in practice, the microchannel had corners of radius r. = 10.8 & 4.1 um.
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Figure 3.3: (a) A resistance diagram relating the flow through the thrupass and bypass of the microchannel, as well
as the corresponding sections on the microchannel itself. (b) A reconstructed separatrix of flow at the junction of
the thrupass and bypass lines. The streamlines are reconstructed using
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3.2.2 Measuring Flow Rate From Streamlines

Knowing the flow rate past the bypass and thrupass lines is necessary to determine the pressure drop across the
microgel. A resistance diagram of the bypass, thrupass and microgel can be seen in Fig.[3.3p. Because the pressure
at start and end of the bypass and thrupass lines must be identical, the flow rate between the two components can

be written as

P = Rbprbyp = (Rthru + Rgel)chrtu (34)

where the subscripts byp and thru refer to the bypass and empty thrupass respectively, while gel refers to the
trapped microgel. Noting a simple mass balance, that the total flow from the inlet must be equal to that of the

bypass and thrupass, this can be rewritten as

(Q — chru ) Rbyp
chru

Rgel = — Rinry- (3.5)

The flow in this microchannel are laminar in all tests performed. The largest Reynolds number across all tests

_2Q _ (100p1/min)(1kg/1) o . . e . .
was measured as Re = £ 2(O‘Oozpas’)((zooﬂm)f(swm)) = 6, which is well within the laminar regime. Because

iwth) =

of this, it is reasonable to assume that the added resistance from the microgel is entirely localized at the microgel,

such that the pressure drop across the microgel can be measured as Pyei = Rge1Qshru- With this in mind, Eq.
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can be written in terms of the pressure drop across the microgel

Pgel = (Q - chru)Rbyp - Rthrthhru- (36)

The resistance of the bypass and thrupass channels are described by Eq. and the inlet flow rate, @ is set
by the syringe pump, however the amount of fluid passing by the microgel, Q... must be measured. To measure
this, the flow streamlines where the bypass and thrupass meet must be reconstructed from videos of tracer particles
passing through the microchannel. A dilute suspension of micron sized beads (Polybead Polystyrene 0.5 pm mi-
crospheres, Polysciences Inc., Warrington, PA, USA) were added to the carrier fluid, at a concentration of 0.025 %
(w/v). To capture the motion of these tracer particles, videos were taken using a high speed camera (SA3, Phototron
Europe Ltd., UK) at 4000 fps. The flow streamlines were reconstructed using a methodology called Particle Image
Velocimetry (PIV) [158]. The specific PIV analysis code was adapted from PIVlab [158]. Because flow is set to be
steady state, an ensemble analysis is used, which averages the flow field over the entire video.

Once the streamlines were reconstructed a separatrix was created, as shown in Fig.[3.3p. The separatrix divides

the fluid going to the thrupass and the bypass channels, according to:

chru _ foh foy U(l‘7 y)dydl‘
Q foh foym" Ul(x, y)dydz,

(3.7)

where U (x, y) is the theoretical fully developed flow speed in a rectangular channel of a height 2 and width yy.x =
wen- 1he dividing point ¢ is measured at least one channel width w,;, upstream to ensure it represents fully developed
flow in a rectangular channel, see Fig.[3.3p.

The fully developed flow in a rectangular channel for Poiseuille flow was first solved by Boussinesq [23] as

00 i (2n—1)mz . (2n—1)mw(h—2)
U(l y) = —Ew + 4£ y"znar sinh W + sinh T (3 8)
’ dz 21 dz pm3 — (2n — 1)3sinh (2n—1)7h ) :
n= Ymaz

where % is the rate of pressure drop across the channel. This pressure drop can be ignored, as it will cancel out
when calculating Q.n. Using[3.7} While precise, this series is still relatively complicated. To simplify the calculations,
a substitution was made according to Vanapalli et al. [165], which was adapted specifically for use in measuring the

flow as a result of displaced streamlines. The flow profile in this case is described by

U(z,y) = Upas (1 - (% - 1)2> (1 . (yi’x . 1) m) , (3.9)

where U,,,q, is the velocity at the centre of the rectangular section. The geometric factor m = /2¥maz 4 0.89&

accounts for the channel being wider than it is high.

The PIV code was combined with a longer MATLAB code. This code reconstructed streamlines from the videos
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Figure 3.4: (a) A diagram of a microfluidic comparator, with one inlet containing the reference solution of water and
ink, Q@m20, and a second solution containing the SDS solution, Qsps. As downstream resistances are unequal
due to changes in viscosity of the ink and SDS, there is a deflection of the streamline. (b) A micrograph of the
microfludic comparator used to characterize the SDS. (c) A resistance diagram of the comparator. When the flow
from the ink passes entirely through the top channel, and the SDS solution passes entirely through the bottom, then
the difference in resistance will be proportional to the difference in flow rates.

of the deformed microgels, and measured the fraction of flow passing through the thrupass from the streamlines as

described in[3-7]and

3.2.3 Carrier Fluid Viscosity

For these experiments, microgels were suspended in a solution of 10 % (w/v) (aq) SDS. In early experiments, this
gave the impression of reducing friction between the microgels and the PDMS microchannel. Because the microgels
were in contact with the trap, it was possible that friction between the microgel and microchannel could have some

impact on the deformation, and so reducing this friction was desirable.

The viscosity of the SDS solution was measured using a microfluidic comparator. In effect this was done by
modulating the flow rates at the inlets of a comparator such as that shown in Fig. a-c, and based on that used
in Vanapalli et al. [166]. Once the dividing line between the water containing black china ink and SDS solution
was horizontal, the viscosity could be calculated as the ratio of inlet flow rates ﬁf{’jg = ﬁﬁﬁiﬁ’ii = 822’5 This

corresponds to where the inlet flow from both the water and SDS solutions pass entirely through their respective

channels. As the dimensions are the same, the only difference in resistance will be due to viscosity. In this case,

the viscosity was measured as pusps = 0.002 Pas.
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Gel A/Stiff Gel B/Medium  Gel C/Soft Gel D/Soft
Diameter, d (um) 83.44+2.9 139 £ 2.1 84.2+1.1 129 £ 1.8
Effective Elasticity, E* (Pa) | (1.54+0.9) * 10* (1.54+0.4) % 10° 48.6+£24.9 110487
PEGDA mw 700 500 700 700
PEGDA (% v/v) 15 10 10 10

Table 3.2: Microgel bead sizes and formulations used in this study, and their elasticity as measured using mi-
croindentation [70]. The elasticity was controlled by varying the amount of PEG-Diacrylate (PEGDA), as well as
changing the molecular weight of the PEGDA. The microgels had a total of 65 % (v/v) PEG and PEGDA, with 5 %
(v/v) photoinitiator 2-hydroxy-2-methyl-1-phenyl-propan-1-one and 1 % (aq) (w/v) SDS.

3.2.4 Microgel Characterization

Four different PolyEthylene-Glycol (PEG) microgel samples are tested in this chapter. The microgels were made
by photo-polymerizing drops of PEG in a flow focuser emulsion device. Microgel diameters were controlled by the
emulsion device, and once photo-polymerized, the microgels were allowed to swell in a bath of 10 % SDS (aq)
overnight. The effective elastic moduli, E* = E/(1 — v?), where E is the Young’s modulus and v is the Poisson
ratio, of the microgels were tested using microindentation [70]. These microgels are summarized in Tab. The

full description of the production of the PEG gels and their testing is presented in Ch. 2.

3.2.5 Experimental Protocol

The experimental setup is illustrated in Fig. A syringe containing a dilute suspension of microgels and a
syringe containing carrier fluid and a dilute suspension of tracer beads are connected via 1 mm tubing to the
microchannel, and a waste tube is also connected. The syringes are then placed on a syringe pump (Nemesis,
Cetoni GmbH, Korbussen Germany). The microchip is placed upon an inverted microscope (Eclipse Ti, Nikon

Europe BV, Netherlands) with its objective set to 20x, further magnified by 1.5x, imaging in bright-field.

Once all bubbles have been removed from the microchannel, the microgel suspension is flowed into the system
until each microfluidic trap is occupied with a single microgel. To avoid having more than one microgel in a single
trap, it may be necessary to alternately apply suction and pressure. Once the traps are occupied, flow from the
microgel line is stopped, and flow containing tracer beads is provided. Starting at a low flow rate and gradually
increasing, successive videos of trapped microgels are taken, each long enough to reconstruct the flow streamlines.
Each video is taken when for a given flow rate, the microgel has reached a stable state, i.e. the microgel has
stopped deforming. Early tests also decreased flow rate from the maximum to test whether the microgel experienced
hysteresis. The range of flow rates tested depended on the microgel, and was decided empirically starting with a
flow small enough to not noticeably deform the trapped microgel, and stopping slightly below the pressure necessary

to push the microgel through the traps slit.
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Figure 3.5: A diagram of the experimental setup. The microchannel is placed on a microscope and connected to two
syringes on syringe pumps. A waste line is attached for fluid exiting the microchannel. Videos of the microchannel
are recorded for analysis.
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3.2.6 Solid and Fluid Simulation Setup

Because the of the geometry of this experiment, the deformation of the microgel was three dimensional, however
the bright field imaging was unable to capture changes in depth. To allow for a more precise and complete picture
of the deformation of the microgel, a series of simulations were performed for a spherical microgel passing into
the trap slit. Numerical contact simulations were performed in the ABAQUS CAE environment (Dassault Systems,
Veélizy-Villacoublay, France). These simulations provided three dimensional models of deformed microgels at various
positions while entering the trap slit. These computer aided desigh models were then exported into a fluid simulation
in the COMSOL multiphysics environment, (COMSOL, Grenoble, France) to better understand the forces applied
on the microgel. Finally, an approximation of the pressure distribution predicted by the fluid simulation was applied

on a second set of contact simulations to ensure the results were physically accurate.

Both solid and fluid simulations were performed using a quarter section of a trapped gel, cutting along the axes
of symmetry, see Fig.[3.6p-b. To measure the effect of confinement between the floor and ceiling of the channel and
the microgel, microchannel heights of » = 81 pm and h = 85 pm were tested for a microgel of diameter d = 80 pm.
The simulated microgel had an elasticity of E = 10 kPa and Poisson ratio of v = 0.35, selected to be representative
of a typical PEG microgel [27]. Similar to the experimental microfluidic traps, the simulated trap had corners of
r. = 15 pm, and a slit width of w = 15 pm. The channel is set to be rigid, as its elasticity is significantly greater than

the microgels in question, with a typical Young’s modulus of £ ~ 1 — 10 MPa [89, 95].

The contact simulations were done using a dynamic explicit solver. Contact was declared between the microgel
quarter sphere and the surfaces of the channel, with the channel being declared the master surface, as it is static.
Symmetry condition was applied to all the symmetrically cut surfaces. The first set of solid deformations were
calculated by giving the microgel a weight. This weight increased up to a maximum of F,, = 45 pN gradually.
The second set of solid deformations, based on the pressure distribution found by the fluid simulation, ranged
up to maximum pressure of P, = 6400 Pa, which was maximum at the bottom centre of the gel, as shown in
Fig.[3.6c. The maximum pressure was chosen in order to be representative of the values seen in the experiments
while maintaining a stable simulation. The distribution in the region where the pressure gradually decreases was
calculated to be second order smooth, starting at the maximum pressure and decreasing to P = 0 The results of

these simulations are used to validate the modeling done in this chapter.

The fluid simulations were performed assuming laminar flow, with water as the fluid. A negative of the solid
simulation was made by exporting the deformed microgel model to the fluid simulation, and subtracting it from the
volume of an unoccupied microchannel. In order to overcome the challenges of simulating precisely overlapping
surfaces, the microgel was simulated as having been moved into the microchannel by 0—0.5um to create a significant
overlap. This did not significantly alter the flow, but resulted in a more realistic pressure distribution, as in this case

there was no thin film flow between the microgel and microchannel, which should not occur during contact.
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Figure 3.6: (a) A diagram showing the geometric setup of the contact simulation. The simulation was performed
along the axes of symmetry of the geometry. Annotated for diameter, d, channel height, h, corner radius, r.,
and constriction width, w. A weight force, F, (late replaced with a pressure distribution) is also included. The
contact declarations of master and slave surface are annotated as well. (b) A diagram showing the fluid simulation,
corresponding to an undeformed (spherical) gel. The simulation was performed along the axes of symmetry for
the geometry. Boundary conditions are listed. Dimensions are identical to those of the contact simulation. (c) A
diagram of the pressure distribution used on the second set of simulations. The coordinate Z was made internally
to define how pressure tapers off from the maximum region. This is an approximation of the distribution found by
fluid simulation. (d) Simulated pressure distribution on the underside of the microgel. In order, these simulations
correspond to deformation at pressures of Py = 0, Pyl = 2.4 kPa and P, = 4 kPa. The scale bar describes the
fraction of the inlet pressure experienced where AP = 1 kPa.
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To measure the distribution of pressure across the microgels, an inlet pressure of P = 1 kPa and outlet pressure
of P = 0 were set for all simulations. This is because, as these simulations are uncoupled from the solid simula-
tions, only the distribution of pressure along the microgel surfaces was important to understand. No slip boundary
conditions were applied to all solid surfaces with symmetry applied appropriately on the cut planes, as shown in
Fig.[3.6b. The pressure distribution on the microgel can be seen in Fig.[3.6d. A rough approximation of this region
was made assuming that from where the microgel contacted the corner of the channel to where it touched the
floor of the channel, a smooth pressure drop occurred, with the greatest negative pressure occurring approximately
evenly distributed at the bottom of the microgel, as shown in Fig. [3.6d. To avoid having to implement a properly
coupled fluid-structural simulation, which would have been computationally costly and laborious to implement, we
stopped the simulation results at gel penetration of I/d ~ 0.2, as beyond this the pressure distribution becomes
increasingly unrealistic. Furthermore at this point, the gel is so deformed as to invalidate the assumption of simple
linear elasticity used in this model.

Meshing was performed mostly ad-hoc in this work, as results could be easily validated by comparison with
experimental data. In the case of ABAQUS, the mesh was seeded several ways, with the final simulation using a
general seed density of 2 um along the edges, and 1.2 um in the region of contact. Otherwise default ABAQUS
tetrahedral meshing was used. In the fluid simulations, the built in COMSOL physics based mesh at normal and
fine were both tested, finding no change in results. Additionally, the solid simulations had a mass scaling factor of

20 included to provide a stable but fast solution.

3.3 Results

3.3.1 Pressure From Bypass Flow

The pressure drop due to flow across the trapped microgel, Py, was measured from analysis of the recorded
streamlines according to Eqgs. [3.6[{3.9] see Fig. P,.1 increases with increasing inlet flow rate, @, see Fig.
This correlation is linear, with two different slopes. The greater slope corresponds with the stiff microgels, £* =
15 + 9 kPa, while the soft, E* = 0.11 4+ 0.09 kPa and medium, E* = 1.5 + 0.4 kPa microgels fall roughly along a
second, lower slope. The microgel and microchannel were selected to have matching height: A = 85 pm for the stiff
microgels, compared with h = 140 um for the other two. As flow passes through the bypass line, the resistance will
be greater for the smaller channel resulting in a greater pressure at a given flow rate. The ratio of the resistance
of the bypass line for the smaller channel to larger channel is f;‘”"’ﬂ = 3.5, compared to the ratio of slopes

byp|h=140pm

in Fig. (dfgl |h:85ﬂm) / (%M:MOMHI) = 3.3. Both of these pressure-flow trends show a strong linearity, with

R? = 0.95 in the case of the stiffest gel, and B2 > 0.99 in the case of the soft and medium gels.

The stiff microgel achieves a linear profile after only after a certain flow rate is applied, approximately Q@ =
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Figure 3.7: A comparison of the pressure drop across the microgel, P, as the flow rate provided by the syringe
pump increases. The legend provided separates data by slit width and by elasticity of the microgels. Note that
the hard microgel, E* = 15 kPa is in a channel of height h = 85 pm, while the other two gels, £* = 1.5 kPa and
E* = 0.11 kPa are larger and are contained in a channel of height 4 = 140 um. This was done to maintain d ~ h.

15 ul/min. As the empty thrupass resistance is smaller than the bypass resistance, see Tab. Pressure from

entry to exit of the bypass and thrupss is described by

-1
1 1
Pipru + Poel = , 3.10
e+ gel Q (Rbyp T Rthru + Rgel) ( )

where Py, is the pressure drop from the inlet to the outlet of the thrupass, excluding that pressure due to the
microgel. At lower flow rates the stiff microgels have not become the dominant source of resistance, leading to
a lower drop in pressure compared to when flow only passes the bypass line. Meanwhile the soft and medium
microgels plug their thrupass line much more readily, leading to a consistent linear relationship. The pressure
drop across the microgel can therefore only be inferred by the bypass resistance and supplied flow rate when the
microgel is already the dominant source of resistance, plugging the thrupass. Otherwise, it is necessary to account

for changes in Ry

3.3.2 Microgel Displacement and Deformation in a Microfluidic Trap

The increase of pressure has a noticeable effect on the shape of the trapped microgel, see Fig. Qualitatively, as

pressure increases the whole body of the microgel moves in towards the narrow “slit” region of the trap, displacing
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Figure 3.8: Micrographs comparing a trapped microgel undergoing increasing pressure. From left to right the
pressure is (a) Pget = 10Pa, (b) Pyer = 500Pa and (c) Py = 2288Pa. The microgel in question corresponds to a
microgel of batch "Gel B”, with E* = 1.5+ 0.4 kPaand d = 139 4+ 2.1 um.

by a distance of [, measured from the rear of the microgel. More dramatically, as the microgel moves forward, it
squeezes into the slit, changing its shape so that a finger of length {; protrudes forward. This occurs as the gel
presses up against the channel, slumping outwards. The apparent amount of microgel in contact with the channel,

be, also increases as the gel moves into the channel. These deformations are summarized in Fig. [3.9p.

As the pressure increases, the microgels are pushed further towards the slit, as shown in Fig. [3.9p. The dis-
placement of the microgels, [, is greater with respect to P, with decreasing elasticity, £*. Controlling for this, the
relationship between displacement and pressure appears at first glace to be linear. Closer examination, particularly
of the stiff microgels, reveals that this increase is slightly less than linear. On a logarithmic scale however, see inset
of Fig. |3;9p the increase in I with respect to P, is revealed to increase as a power law such that [ ~ Fg,. The
relationship is closer to n = 1/2, with n = 0.56, n = 0.38 and n = 0.53 for the stiff, medium and soft microgels
respectively (R? > 0.75 in all cases). Comparing the actual rates at which I increases with P, the slope [ versus
P,.1 of the medium stiffness microgels is 3.9 times that of the soft microgels, while the stiff microgels are 11.1 times

that of the medium microgel.

Although less striking than the differences in microgel displacement from pressure due to differences in microgel
elasticity, there is an effect of the width of the microfluidic trap slit, w. In general, as the trap increases in width,
the motion of the microgel also increases. In the case of the soft microgels, any slit width larger than w = 25 ym
resulted in microgels passing through the trap too easily to reliably measure their deformation. Therefore, this width
is only considered in the case of the stiff and medium microgels. Furthermore, due to their smaller size, the stiff

microgels were not tested for widths larger than w = 25 pm.

While the microgel moves further into the trap, its penetration into the trap, I increases proportionately with i,
see Fig. . There is a strong linearity between the two, where I/l = 1.23 with a linearity of R? = 0.96 The

proportionality remains approximately the same regardless of microgel elasticity E* or trap width w, although there
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Figure 3.9: (a) A diagram of a trapped microgel being viewed through the microscope. The diagram is annotated
with geometric parameters measured in this study. The microgel diameter, d is measured at the lowest flow rate
tested, as is the slit width, w. The microgel displacement, [ is measured from its back, while the penetration, ; is
measured relative to the front of the microgel at the lowest flow rate tested. The channel contact, b, is measured
as a surrogate for the actual radius of contact between the microgel and the trap. The dashed circle represents a
microgel sitting in the trap undergoing no deformation. (b) A comparison of the displacement of the microgel with
the pressure drop applied to the gel, P,.i. An inset provides the same data on a logarithmic scale in order to better
view the data for the softer microgels. (c) A comparison of the penetration of the microgel with the displacement of
the microgel in general. A unit line is provided for reference. (d) A comparison of the linear contact between the
microgel and the channel, and the displacement of the microgel.
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is a slight increase in dl/dl for the soft microgels. In general this seems to reflect the squeezing of the microgels
into the slit, where to partially conserve volume, noting that v < 0.5 for typical PEG gels [27], the microgel must
extend on one side. What is unexplained is that this does not seem to be affected by the width w, as a wider slit
would compress the microgel less. Here however neither d nor w have an effect on dl;/dl. It is reasonable to
assume therefore that deformation in the plane of the microscope explains the unaccounted for volume.

The width of contact between the microgel and the microchannel, b. increases with displacement of the microgel,
before tapering off, as shown in Fig.[3.9d. Similar to the penetration of the microgel, the microgel is forced to deform
outwards to maintain its volume, increasing the contact. This increase in contact however quickly tapers off as the
microgel progressively enters into the slit, and in some cases slightly decreases. This again is to be expected from
simple geometric argument that in order to fully enter into the constriction, the microgel contact with the entry to the
constriction will necessarily have to decrease. This is best illustrated by considering the extreme case where the
microgel has been pulled entirely into the constriction, in which case b. = 0. The contact b. increases as both the
elasticity £* and slit width w decrease. The effect of elasticity itself however seems to be less influential than that
of the microgel size, as both E* = 0.11 + 0.09 kPa and E* = 1.5 + 0.4 kPa microgels have nearly the same contact
when comparing only the gels trapped in channels with w < 25 um. The projection of the slit onto the gel increases
with w, resulting in less area of the microgel available to contact the entry to the trap constriction. The decrease in b,
with w is also partially explained by the partial conservation of volume, as larger w correlates with less constriction
and therefore less bulging outwards. This may help explain why the change in constriction has a negligible effect on

dly/dl, as the deformed volume is accounted for elsewhere.

3.3.3 Small and Soft Trapped Microgels

As mentioned above, the small, d = 83.4+2.9 um and soft E* = 48.6£24.6 Pa microgel batch, Gel C in Tab[3.2] was
tested but is separated from the general analysis. The pressure-flow relationship, see Fig.[3.10p, for these microgels
follows the same trends as seen with the other microgels, having the same Ry, as the stiff, E* = 15+ 9 kPa
microgel. The penetration of the soft and small microgel increases with pressure, see Fig.[3.10p, similar to the other
microgels tested, however there is a much wider variation between samples. These microgels would penetrate quite
far into the constriction at relatively low applied pressures, such as in the micrograph shown in Fig. [3.10c. These
microgels would often become stuck in the constriction, and upon stopping applied flow, they would remain in place.
This is in opposition to the other microgels tested which would return to their original position upon cessation of
flow. This seems to be due to a combination of the elasticity of these microgels, and their size, as neither the other
microgels with similar elasticity, E* ~ 100 Pa, nor diameter, d ~ 80 um had this occur. It may be that the relative
size of the microgel, d/w combined with the low E*, allowed these microgels to easily enter into the trap constriction

at which point friction would dominate over the microgels elastic forces to push the microgel out. In this case a
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Figure 3.10: (a) A comparison of pressure and supplied flow rate for data corresponding to microgels from batch
Gel C, corresponding to a diameter of d = 84.2 + 1.1 pum, and an effective elasticity of E* = 48.6 + 24.9 Pa. (b)
A comparison of the penetration, [ of microgels from batch Gel C with the pressure applied to the gel, Pyei. (C) A
micrograph of a small, soft gel from batch Gel C which was stuck in the trap slit due to friction. The outline of the
microgel has been highlighted in red for ease of viewing.
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smaller constriction would better allow the microgel to push back against the entry to the constriction. Regardless,
because these microgels would not return to their rest position upon arresting the flow and thus setting P, = 0, the
relationship between deformation and pressure becomes challenging to evaluate. If for example a small variation
in Pye were to cause the microgel to further penetrate the constriction, the measured value of [; may be artificially

inflated. It is for this reason that | decided to separate these samples from the general data to analyze.

3.3.4 Simulated Trapped Microgel Deformation

The displacement and deformation of the simulated microgel behaves similarly to that of the experimental microgels.
When fitted to a power law, the displacement of the microgel with increased pressure behaves like that of the stiff
experimental microgels, where [ ~ Pgoef‘*, see Fig. and Fig.. This is particularly important for validating the
simulation, as it indicates that the approximation for pressure distribution used in this simulation accurately reflects
the experimental data. Furthermore, insights gained from this simulation may be useful not only for viewing the
deformation of the microgel in three dimensions, but also for building a model to describe the deformation of trapped
microgels.

The simulated elongation of the microgel also behaves like that of the experimental microgels, see Fig.
and Fig. [3.9€, although the penetration of the microgel is nearly identical to the overall displacement for small
values of [. This may be simply be because the range of [ measured in this simulation is smaller than that of the
experiments. It may also reflect the limitation in how these simulations were performed. Because the fluid and
structural simulations were uncoupled, the distribution of pressure in the solid simulations does not evolve exactly
with the pressure distribution predicted by the fluid simulations. These differences are however minor, as the overall
slope for the simulated data is [/ = 1.13 compared with 1.23 for the experimental.

The contact between the microgel and constriction entry, b., in Fig. increases sharply before becoming
nearly constant in a way that is reminiscent of the stiff microgels in Fig.[3.9d. The absolute values of the simulated
b. are however smaller than those experimetal values by approximately 5 pm. This may have more to do with
the limitations of the experiments than the simulation itself. As the experimental b. was measured by identifying
on micrographs of trapped gels where contact occurred, it is possible that parts of the microchannel obscured the
precise location of contact between the microgel and channel. Additionally, as with comparing Iy and , the possibility
that the distribution of pressure is not a perfect fit may also influence these results.

The height of the microchannel seems to play only a small role in determining the displacement and deformation
of the microgel. In Fig.[3.TTh-c, there is never more than a 5 % difference in values for I, I, or b. at a given pressure.
This is despite the fact that simulations predict that the microgel does come into contact with the floor and ceiling of
the microchannel. Fig. shows the displacement of the microgel as pressure is increased. As expected from

the experimental data, the microgel slumps outward as it progressively deforms. This expanding perpendicular to the
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Figure 3.11: Data for the simulated microgel quarter section as it is pulled into the microfluidic constriction. This
simulated microgel has a diameter of d = 80 pum, and elasticity of E* = 11.4 kPa, while the trap measures w = 15 ym
and r. = 15 um, with a height of either h = 81 pm or h = 85 um . See Fig. [3.6] for details. (a) The displacement
[ of the microgel compared with the maximum negative applied pressure P,.. (b) The penetration of the microgel
into the constriction, Iy, compared with the displacement of the microgel, {. A reference line is provided. (c) The
contact between the simulated microgel and microchannel, b., compared with the displacement of the microgel,
I. (d) A comparison of the overal deformation of the microgel, corresponding to ~ = 85 um, and from left to right
Pye1 = 800 Pa, Py = 2400 Pa and P, = 4000 Pa. The scale bar indicates total nodal displacement relative to
P, = 0. (e) An opposite view of the microgel highlighting contact between the microgel and the microchannel in
white. Deformation states correspond from left to right to P,.; = 800 Pa, P, = 2400 Pa and P, = 4000 Pa.
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displacement [ occurs both in the direction of the constriction width, b., but also towards the floor and ceiling of the
microchannel (shown as the blue wall on the right hand side of Fig.[3.71d). The contact between the microchannel
and microgel is highlighted in Fig. [3.17f, which shows that although innitially the microgel may only contact the
corner of the microfluidic trap, it will be forced outward to contact the floor/ceiling of the trap as well under greater
displacement into the channel. The influence of d/h therefore can be neglected when constructing a model for the

deformation of the microgel, at least when considering the parameters [, [ and b..

3.4 Contact Theory and Microgel Deformation

There is a clear correlation between increasing pressure and increased displacement and deformation of a microgel
as it enters a constriction trap. This relationship is not a simple linear correlation however, and must account not
only for the pressure and displacement, but also the geometry of the microchannel and microgel, as well as microgel
elasticity. To understand what the interplay between these factors, it is necessary to first consider the forces acting
upon the microgel.

The deformation of microgels entering into a constriction can be thought of as coming from the interaction of
the forces acting on the microgel from the flow, and the reaction forces as this flow pushes the microgel into its
constriction. Shear is unexpected to play a major role, as comparing shear to pressure in the microchannel reveals
that #(Qi%i‘jwh) > 103. This leaves contact between the microgel and microchannel, and the pressure drop across
the microgel as the main forces at play.

Hertzian contact mechanics, first developed by Heinrich Hertz in 1881, outlines the deformation of two bodies in
contact [14], 159/ 1381, 94]. Assuming the two bodies in contact are linearly elastic and undergoing small deformations,
without any adhesion between the surfaces, the area of contact can be related to the force normally applied at the
point of contact. It is this body of theory which | use to explain the deformation of a trapped microgel.

To model the contact between the microgel and the trap, it is necessary to simplify the contact, based on where
contact is actually occurring. As the corners of the trap are rounded and are where contact first occurs, we focus
on this area, approximating the corners as two cylinders, while the microgel remains approximately spherical (see
Fig.[312R).

To begin, we consider the contact mechanics of a sphere and cylinder as described in Barber [14], as two
ellipsoids in contact. In this case, one ellipsoid, the sphere, has equal radii of d/2, while the cylinder is an infinitely
long ellipsoid with radii of oo and r.. For such a case, the area of contact between the sphere and the cylinder can
be approximated as an ellipse of major radius a and minor radius b. We can relate the contact penetration ., as

shown in Fig.[3.12b, to the major radius of contact, a, as shown in Fig. , by

le = , (3.11)



Figure 3.12: (a) A comparison of the trap geometry (left) with the “sphere balanced between two cylinders” approx-
imation made in this analysis (right). (b) A two dimensional projection of the microgel sitting on the trap corners, in
both an undeformed (left) and deformed (right) state. The trap corners here are represented as two cylinders. The
deformed microgel shows a comparison of the penetration length, /. with microgel displacement, I, as well as the
pressure and contact forces, F, and F, respectively. Note that the label for the leftmost F.. was omitted to facilitate
reading. (c) Isometric view of the contact between the microgel and the trap corners, highlighting the major and
minor radii of contact, a and b respectively. The gray material represents the fluid phase between the microgel and
trap, shown as a quarter section for ease of viewing.
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where Z the eccentricity of contact [14]. K£(Z) and £(Z) are elliptic integrals of the complete first and second kind

respectively:
/2
K(2) = / @ (3.12)
01— 22sin’¢
and

/2
E(2) :/ V1 — Zcos? ¢de. (3.13)
0
The eccentricity of contact is defined as

a

2
Z=y|1- (b) : (3.14)

and can be approximated for high aspect ratio contact using the formula

27, 9 V1-— 22
~(1- Mo, R
prora~ %) (ln 1 1) (3.19)

Accounting for the non-circular contact formed between the two bodies, the major radius of contact is related to

the applied force F. by

1
- (et o)
where E* represents the combined elastic modulus of both bodies [14]. In the present case the microgel is much
softer than the channel walls and therefore the elastic modulus of both bodies is approximately that of the microgel
E* = % where F is the elastic modulus of the gel and v its Poisson’s ratio. The radii of contact, ¢ and b can be
related to one another by

Returning to the microgel in question, while we have described the deformation of a sphere in contact with a
cylinder, neither the contact radii, a and b, nor the contact penetration, I are easily measured from the real microgel.
These can however be related to the translation of the microgel into its slit, I, as shown in Fig.[3.12p. These two

properties are related by the position of the microgel such that:
lc =1sind, (3.17)

where 6 is the angle created between the centre of the microgel and the trap walls. Simple trigonometry shows that

the angle is related to the microgel position by

V(re +d/2)% — (re + w/2)? —!

tanf =
an w/2+ 7.

(3.18)

We model the forces acting upon the microgel to result from the pressure field while ignoring frictional forces.
This force F, is considered to act in the direction of the slit, as it is open in that direction, while the contact force

F. is perpendicular to the trap corner. This can be seen illustrated roughly in the free body diagram of Fig. [3.12b.
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Figure 3.13: Three projections of pressure isobars onto the bottom of the microgel. Perspective is given from the
bottom of the slit looking towards the microgel. Microgels shown from left to right correspond to 0 deformation,
deformation under P,.;/E = 0.12 and P,/ E = 0.2, respectively. The approximated region over which the pressure
is applied is highlighted in green in the rightmost panel. The color bar shows the fraction of the inlet pressure, P,
corresponding to each isobar.

Mechanical equilibrium implies that
_ I
¢ 2sinf’

(3.19)

The force acting on the microgel is calculated by multiplying the pressure across the gel (P,e1) by the area over
which the pressure is applied. This area is approximated as the sum of the area of a rectangle of size aw plus
the area of rounded triangle, as shown by the green shaded area in the right panel of Fig.[3:13] This leads to the

approximation below:

F, ~ 2P,q {aw + % (g — a) (w+2r. (1 —cosfh))| . (3.20)

A relationship between the microgel deformation and the pressure applied across it can then be obtained by com-
bining Eqs[3.20|and [3.16] This results in a relationship between a and P, that includes the geometric parameters

as well as the gel elastic modulus:

[ 3P 2 (d v
o= { g | 5 (5 ) a2 | 021

Finally, by combining Egs. [3.17] and [3.17] the major radius of contact is related to the translation of the trapped

microgel, approximated here by the motion of its back side, [ as
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where the eccentricity terms in Eqs and can be summarized as

F2(2) = % (3.24)

3.5 Hertzian Contact Between a Microgel and Trap Corners

3.5.1 Modeling Microgel Displacement into Trap

The expected theoretical value of the re-scaled gel displacement liheory /d Was calculated from Egs. and
and compared to the experimentally and numerically computed values of [/d, as shown in Fig. The theory
collapses the data onto a master curve, particularly for small deformations, where [/d < 0.1, and remains a consid-
erable collapse compared with that seen in Fig. up until {/d < 0.2. Beyond this, lincory/d tends to over-predict
the data. In the case of the medium stiffness microgels, E* = 1.5 +0.4 kPa, the data seems to remain well predicted
much further beyond the other microgel samples. Where I/d < 0.2, the regression between [/d and liheory /d gives a
slope of 0.97 and a coefficient of determination of R? = 0.76. This is a strong fit considering not only the wide range
of P, and [ in the experimental data, but also the non negligible uncertainty within test conditions. Additionally,
while there does seem to be some variation in fit between different microgel samples, there is not apparent affect of
w on the fit of I/d.

The limit of I/d < 0.1 corresponds with [/w =~ 0.5, accepting some variation depending upon d and w. The first
limitation of the model presented in Eq. is that of small deformations. In general, Hertzian contact mechanics
are only valid for small deformations [14]. Furthermore, this model behaves as if there is only one point of contact:
between the microgel and the corner of the slit, however the microgel is in fact in contact with two corners. The stress
distribution within a simulated microgel is shown in Fig. When the deformation of the microgel is smaller, the
concentration of stress is localized on one side of the plane of symmetry. As deformation is increased however, this
region of high stress moves towards and intersects with the plane of symmetry. At this point, the stress deformation
localized at the trap corners are interacting with each other, which is not accounted for in the model described above.

The differences in lincory/d between different microgel samples shown in Fig. are more challenging to
explain. In this case, both the stiff and soft microgels deviate from the prediction given by Eq. [3.22]at approximately
the same point, while the medium microgel more closely follows the prediction nearly until [/d = 0.3. In this case it

is unlikely be an over or underestimated effect of elasticity, as it would be expected that this effect would be more or
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Figure 3.14: A comparison of the displacement of the microgel predicted by Eq. with that measured experi-
mentally (color) and by simulation (white). The inset is simply included to remind readers the physical significance
of I and d and where [ /,.,,1hcory = F (W, 7¢, d, Py, E*). A reference line of y = x is provided to compare goodness of
fit of the model. Data shown is limited to //d < 0.3 to better focus on the range of interest to this model.
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Figure 3.15: A comparison of stress distribution within a simulated microgel. Microgels shown are undergoing (a)
Pge1 = 800Pa and I/d = 0.045 and (b) Pye = 6400Pa and /d = 0.16. Symmetry is imposed on the right side of the
semicircle shown. Elemental Mises stresses are shown, with color bar provided.

less pronounced for the stiff or soft microgels as well. The size of the microgels also offers little explanation, as the
soft and medium microgels both share approximately the same diameter, d ~ 135um, and were contained within the

same microchannels.

The first possibility for this discrepancy due to microgel sample is that there is some aspect of the microgels
unaccounted for here that would change their deformation under load. The three microgels were all made at different
times, with the soft microgel being four months younger than the medium microgels, which were themselves two
months younger than the stiff microgels. It is possible the microgel properties beyond elasticity had changed in
the intervening time, such as their poro-elasticity or Poisson ratio. This is ultimately unlikely, as the microgels were
tested for elasticity on the same day, and tested in this trap on the same week. In particular, it is expected that the
effective microgel stiffness will increase with water loss, which is expected to occur under compressive strains such
as those experienced here [110]. This water loss was not however systematically measured here as it would require

a three dimensional perspective on the experimental microgels, and therefore this must be left as conjecture.

A second possibility is that the relative height of the microchannel, d/h had an effect on the deformation of
the microgels at large values. The medium stiffness microgels had a confinement of d/h = 0.99 compared with
d/h = 0.92 in the case of the soft microgels. While this is not supported by the existing simulations, which seem to
indicate the microchannel height has a minimal effect on microgel displacement, these simulations only extended
to values of I/d = 0.16. It may be that microchannel height has an effect at larger values of /d, which may involve

some interplay of the distribution of pressure and the internal distribution of stresses on the microgel.
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Figure 3.16: A comparison of the deformation of the microgel with that predicted by Hertzian contact theory. The
left axis corresponds to experimental data, while the right corresponds to simulation data. The value of b¢|;—
corresponds to the value of b, for a single set of experiments with the same microgel for which displacement is 0,
as indicated by the inset. The simulated « is measured directly. A referene line y = «x is provided for reference.
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3.5.2 Microgel Deformation from Microgel Displacement

Rearranging Eq{3.22] the major radius of contact can be written as

[11dsin6

This contact is perpendicular to the field of view of the microscope. The minor radius of contact, b, however is in the
field of view, and is related to a by Eq. The actual minor radius of contact however was also challenging to
accurately measure. Instead, the linear contact between the microgel and microchannel, b. (see Fig.[3.9p), is used
here as a proxy for this radius, as one should grow approximately in lock step with the other. To further improve the
comparison, it is useful to transform b, relative to I = 0, to instead compare b. — b..|;—o, such that both the measured
and theoretical contact radius begin at 0.

By transforming ! using Eq.(3.25, we see more clearly the relationship between [, d and b., see Fig. Atheory/d

bc_bc|l=0
dv1-22"

between different experimental series, resulting in a relatively poor overall fit. This is likely due in part to the difficulty

seems to trend linearly with

especially for smaller deformations. There is however considerable spread

posed in measuring b. using micrographs, as the precise point of contact between microgel and microchannel can
be hard to identify due to variations from manufacturing in the microchannel surface. As mentioned above, there
was a good deal of practical uncertainty due to micron-scale variations in the microchannel geometry. While these
effects are minor relative to the total microgel displacement, they do have a more direct effect on both measuring b..,
and on its real evolution with as the microgel moves into the slit. This is especially important at small values of b,
as it evolves and plateaus quickly. The limitations of the model in Eq. [3.25|are also apparent in Fig. While the
predicted correlation of b, with v/Id holds for the majority of contact, at larger values of I/d, contact in some cases
decreases with increasing displacement. This of course is a geometric inevitability, as in order to fully enter the trap
slit, the microgel will eventually have no contact with the entry to the slit. The relationship between b./d and I/d in
this range is varies depending on the microgel elasticity. A decrease in contact occurs for the soft microgels at the
high end of /d, however the trend a? ~ [d still holds for most experiments in the medium and stiff microgels. In all
cases, the boarder prediction of Eq. that a® ~ 1d holds for all gels up until where apeory/d = 0.25, marking a
reasonable limitation

The simulated microgel had its major radius of contact measured directly, and can be seen compared with the
prediction atheory/d alongside the experimental data in Fig. The correlation in this case between aiheory/d and
a/d is linear and falls well within the range of values measured experimentally. The prediction underestimates a/d,
linear fit by a factor of 1.55. This reflects a limitation in the theory used to predict a. The cause of this systemic error
is unclear, especially given the strong fit of the theoretical prediction of //d with the simulated data. While a? ~ Id
does seem to hold, the actual contact may be increased due to there being more than a single point of contact

between the microgel and channel, unlike the proposed model.
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To summarize, contact mechanics does predict the microgel deformation in terms of the contact area between
the microgel and microchannel (inferred from b. and a). This is an extension of the same model used to predict
[(Pge1). There is however considerably more noise in the experimental measure of b, compared with . Furthermore,
at large deformations, I/d > 0.25, this model begins to break down, reflecting the microgel transitioning from being
in contact with the entry to the constriction, to being in the constriction itself. Finally, the simulation of microgel
contact seems to indicate a systematic error in the model which requires further investigation to identify if this is due

to element stress interactions between points of contact.

3.6 Discussion

3.6.1 Extending Trapped Microgels to Penetrating Microgels

The penetration of microparticles into circular constrictions is well studied. Theret et al. used a similar geometry
in order to develop micropipette aspiration, measuring the elasticity of small objects by sucking them into a pipette
[157]. Similar studies for tapered pipettes [176] [173] [111] and even rectangular constrictions [57] (104, [117] have
been performed. In all cases, experiments neglect fluid flow around the trapped particle, and often assume axisym-
metry. In doing so the models presented were able to accomodate not only the static deformation of particle, but also
how that particle will deform as it further penetrates into a constriction. The geometry studied here is fundamentally
different, involving flow past and around the trapped microgel, as well as a very different geometry of contact.

The particles in these experiments were only ever observed in am equilibrium state, however particles entering
constrictions are dynamic. The question thus arrises, can the deformation modeled here also be applied to microgels

as they dynamically penetrate into the microfluidic constriction. To do this, we compare the fluid inertia to the

2
elasticity of the microgel, using the Cauchy number Cy = 22 — (ﬁ,h) £-. The range of experiments performed

here, the largest Cauchy number is C'y = ((%élgif)‘gl/ﬂfzm)y (g%sk,fl/gg) = 0.049, indicating that the microgel elasticity
remains dominant over any deforming fluid effects. As the microgel density is almost that of water, the same
conclusions made from the Cauchy number for the fluid-structure interaction at the microgel boundary can also
be applied to the microgel itself. The deformation of the microgel will be dominated by the elastic effects of the
contact between microgel and microchannel, with negligible effects from the inertia of the microgel impacting the
trap. In other words, the entry of microgels into constrictions, similar to that described in this work, is an uncouple
fluid-structure interaction, and well described by a steady state analysis. The forces dominating the deformation of
the microgel are therefore indeed the pressure, and elastic effects of the gel.

These experiments only consider the microgel as it begins to enter the trap, maintaining contact with trap surface

perpendicular to the direction of flow. Neglecting friction, the position of the microgel as this model has outlined is a

balance of the pressure pushing the microgel into the slit, and the surface of the channel pushing the microgel away.
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As the microgel penetrates the slit, this surface contact, changes, first growing, but then after shrinking, which we
observe when measuring b.. In effect this separates the penetration of the microgel into the slit into two modes. The
first, shown in these experiments the reaction forces from contact are equal to that from pressure. In the second
however, the microgel is always being deformed by the pressure, and is unable to balance the contact reaction and
pressure, as the contacting area begins to decrease, thereby quickly moving the particle into the slit. Both of these
phases were observed experimentally, as the limit in flow rates tested was due to the microgels passing completely
through the trap.

The experiments performed here look at the penetration of a microgel into a one dimensional constriction under
static flow conditions, looking only at the steady state response of the microgel. Furthermore, the model presented
is only applicable to microgels during the first portion of microgel penetration, where the deformation is relatively
small and the stresses of different points of contact minimally interact. Despite these limitations, | argue here that
the experiments and model presented lay the groundwork for a more general model of the entry of soft spheres into
constrictions. As the Cauchy number in these experiments is low, the deformation of the microgel comes primarily
from contact, neglecting impact. Furthermore, the passage of the microgel into the constriction beyond the validity
of this model is rapid and unstable. As such, the deformation of the microgels becomes independent from flow,
deforming on a geometric basis. There is therefore reason to believe that this model can be generalized to more

dynamic scenarios, and warrants further investigation into the matter.

3.6.2 Elastic Modulus of Trapped Microgels

One of the most common applications of microfluidic constrictions historically has been to measure the elastic
properties of the particles that flow into them [157] [104}, 173, 57, (117, [121]. Given the good agreement between
theory and measurement shown in Fig. [3.14] it is possible to measure the effective elasticity of particles as they

pass into a simple 1 dimensional constriction as well. Rewriting Eq. and [3.21] the elasticity by regression from

E*1/3 — 1 (3dpgel(aw +(d/2 — a)(w + 2r.(1 — cos 0))
a

1/3
J-'z(Z)> , (3.26)

87 sin 0

where a is calculated as described in Eq.[3.25 The results of elasticities analyzed by this method are compared with
those found by microindentation in Tab. In general there is a good agreement between the data measured using
microindentation and the constriction method proposed here. With the exception of the soft microgel, all samples
fall within the range of uncertainties of the other. The magnitude of the uncertainties is also similar between the two
methods, although the degree sample to sample does change.

One dimensional constrictions are relatively simple to construct using conventional PDMS based microfluidics,
requiring no alignment of lithographic masks, no specialized glass pipettes, and no specialized piezo controllers.

They can also be placed in series with relative ease, as they were in these experiments. That being said, the
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Gel A/Stiff Gel B/Medium  Gel D/Soft
Diameter, d (pm) 83.4+2.9 139 +2.1 129+1.8

Microindentation, E* (Pa) | (1.54+0.9) x 10* (1.54+0.4) * 10> 1104 87

1D Constriction, E* (Pa) | (1.8 £0.4)*10* (1.0+£0.7) 10> 447493

Table 3.3: A comparison of microgel elasticities as measured by microindentation and by the microfluidic slit-trap.
Note that elasticities measured by the trap had data limited to within the range I/d < 0.2.

throughput of this method is still limited when compared with other “on a chip” methods of measuring microgel
elasticity, such as with micropipette on a chip [104]. This may be surmountable however if instead of a bypass to
provide pressure, a pressure controller is used. This would eliminate the need for using tracer particles to estimate
the pressure provided by the syringe pump. Alternatively, while still using a syringe pump, the separatrix could be

reconstructed using dyed flows, similar to how comparators measure resistance [166].

3.6.3 Limitations of the Microgel Trap

In this work, small and soft microgels were tested that were omitted from analysis because they became too readily
stuck in the trap. The microgels tested here however are not so exceptionally soft that they are unique in the realm of
microfluidics, as microgels have been used experimentally with elasticities in the range of E* ~ 10Pa [134][183]. To
measure their penetration into a one dimensional constriction such as the one used in the slit-trap, it is necessary
to understand why the microgel was caught. There were two sets of microgsl tested in these experiments with
E* < 1 kPa, with the physically larger of the two behaving similarly to the medium and stiff microgels, i.e. with
respect to following Eq. Because of this, | previously suggested that increasing the ratio w/d would reduce
the reduce the relative friction between the microgel and microchannel. In practice, to measure the elasticity of
an extremely soft microgel using a constriction trap, the constriction would have to be sufficiently small, such as
w/d > 0.15, which was the case for the large but soft microgels tested.

On the opposite end of the spectrum, hard microgels may also be difficult to analyze using the method proposed
here. The microchannels used here were made in PDMS, with an elastic modulus of £ ~ 1M Pa. In the analysis
here, this is neglected, however for microgels with a similar elastic modulus, the deformation of the microchannel
will need to be taken into account, adding significant complexity to the analysis, beyond simply adapting the effective
elasticity of contact pair. Furthermore, the pressures necessary to deform a stiff microgel will increase linearly with
the elasticity of the microgel, as predicted by Eq. At sufficiently high pressures, the microchannel may not
only deform, but be damaged. The simplest method to overcome this limitation is to increase the elastic modulus of
the microchannel material and use a stronger bond between substrates (glass and PDMS in the case of this work).
This is not necessarily a simple task, as it may require using a more complicated fabrication process, depending on
the specific application. As a method of measuring microgel and particle elasticity, the microfluidic constriction trap

is therefore best suited to microgels with elasticities below E* < 100k Pa.
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Finally, the microgel trap has thus far only been tested on microgels at equilibrium, where di/dr = 0, where 7
represents time. | hypothesized that due to the low C'y in these scenarios, microgel impact would have a negligible
effect compared with the contact forces at play. This however deserves further experimental investigation in order to
validate it. By varying @ with respect to 7, the dynamic response of dl/dr can also be measured, both as a response
to step-wise changes in @ and more gradual changes in Q). As hydrogels are typically visco and poro-elastic, the
microgel response to flow may also be further affected by the rate of laoding [164}[134]. In order to reliably measure
P,.1, the microchannel must be stiff enough to negligibly deform when @ is changed, something not considered in
this study. In doing so, not only should it be possible to measure any time dependent effects on the microgels, but it

should also be possible to measure the visco-elasticity of the microgels in measuring their dynamic response.

3.7 Conclusion

The entry of particles into microfluidic constrictions requires understanding how this penetration will deform the
particle. The problem becomes more complex when the particle and constriction are non-conforming, allowing for
leaks and a full three dimensional particle deformation. In this chapter | investigated the deformation of microgels
penetrating a one dimensional constriction, by trapping microgels in a slit-trap and applying increasing pressure
upon the microgel. The microgel deforms in three dimensions, and using simulations validated against experimen-
tal measurements, the displacement of the microgel is compared with how it deforms around the microchannel,
increasing the area of contact. By making some simple geometric approximations to how pressure is applied to
the microgel, deformation and displacement can be related to the applied pressure by adapting classical Hertzian
contact mechanics.

The model proposed here is limited to the specific one dimensional constriction tested as well as limited to the
early stages of entry into the constriction. The Hertzian model proposed here relies on the assumption that stresses
are localized at the points of contact between the microgel and trap corners. This only holds true for relatively
small deformations. Further beyond this region of validity, the microgel begins to enter into the constriction due to
the contact forces being incapable of equating with the pressure pushing the microgel into the constriction. The
model is also limited to a specific non-axisymmetric geometry. Despite this, there is good reason to believe that the
modeling used here is more general, and could be adapted to a wide range of geometries, beyond the simple one
dimensional constriction.

The simple microfluidic slit-trap, combined with the model developed to describe the deformation of particles, has
a novel application in the realm of mechanical characterization. The data presented here has a similar precision to
that of microindentation and other methods of measuring elasticity. While beyond the scope of this work, with some
modifications, the slit-trap could be modified in order to rapidly test the elasticity of a large sample of microgels, and

has the advantage of requiring very little specialized equipment not readily available to most microfluidic laboratories.
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While this chapter has focused on the deformation of a trapped microgel, the entry of particles into constrictions
is not simply a structural problem, but an interaction between the microgel mechanics and the fluid forces. This was
touched on briefly here when considering the distribution of pressure across the face of the microgel. The other
side of the same problem to consider is this: if the deformation of the microgel affects the pressure on the microgel,

which in turn affects its deformation, how exactly does the deformation of a trapped microgel affect the flow past

itself?
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Chapter 4

Non-Linear Leaky Flow Around A

Deforming Trapped Particle

4.1 Introduction

Solid deformations can have a major influence on fluid flow in the regime of strong fluid-structure coupling. A wide
range of complex behaviors, including oscillations that lead to catastrophic failures or blockages, can be observed
when the inertial effects of the fluid and solid couple together [135]. Recently an increased attention has been paid
to the effect of a low Reynolds number flow on an elastic fiber [1], with particular focus on the transport [114] and
deformation [56] of slender elastic fibers by the flow [55].

Two-way flow-structure coupling has been studied in the case of deformable tubes, in which elastic deformations
of the tube walls led to strong modifications of the fluid flow. Wall elasticity effects were shown to stabilize the flow
distribution into a bifurcation [17] and to suppress the emergence of viscous fingering in a Hele-Shaw cell [137].
More extreme cases emerged in the case of air-liquid flows within flexible tubes, where surface tension led to a
complete airway closure [79]. These effects of wall elasticity of the fluid flow have been used to explain sap flow in
green plants [91)[19], flow through cellular micropores [22] or to create soft valves for technological applications [97,
115,130, [22], see Fig. d.Tp-c.

A different class of problems for which the two-way coupling can lead to extreme modifications of the flow
consists of the case of a soft particle being pushed into an orifice. This problem is encountered in many microfluidic
applications, such as during the flow and encapsulation of hydrogels [3][99] or for the characterization of cells and
other soft materials [117, 57, [139, (159, [184), [176]. It is also closely related to clogging or sieving particles [78| 54,
6, (156, [81, 10l [179]. In many of these cases a spherical particle is pushed into a rectangular slit, which allows for

a leakage flow around the particle [117] 139, 96| [184]. But in spite of the interest for applications, the physics that
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Figure 4.1: Soft valves effectively control flow through them by deforming depending upon the pressure applied,
and are found in nature. (a) A cross sectional view of a xylem bordered pit membrane from Pinus Sylvestris. As
pressure increases the membrane is forced to close, regulating water flow within the tree. Reproduced from Bauch
et al. [19]. (b) A diaphragm septum in a cell wall which regulates flow through it. reproduced from Louf et al.,

originally from Boekhout et al. [115, [22] (c) A model of the septum diagram shown in part (b), demonstrating two
modes of regulating flow in response to changes in pressure difference. Reproduced from Louf et al. [115].

determines the equilibrium between leaky flow and particle deformation has not been explored.

In the previous chapter, | developed a model for the deformation of a microgel entering into a one dimensional
constriction. Focusing specifically on the contact between the corners of the constriction and the spherical microgel,
| developed a model relating the pressure to the displacement and deformation of the microgel based on Hertzian
contact. What remains to be explained is how this deforming microgel interacts with the normally linear pressure-
flow relationship through the microfludiic channel. In this chapter, | develop a model for this non-linear relationship,

and compare it with the flow and deformation experiments undertaken in the previous chapter.

4.2 Methods

4.2.1 Experimental Overview

The data used in this chapter picks up where the previous chapter left off. To briefly summarize the experiments
performed, microgels flowed into a microfluidic trap in the thrupass line. Once plugged, excess microgels flow
through the bypass line as the thrupass line becomes partially plugged. The microfluidic channel is summarized in
Fig. [4.2a. Switching to a carrier fluid containing tracer microbeads, the pressure on the microgel is applied using
the bypass line, with the distribution of flow described by the resistance diagram in Fig. [4.2b. The fraction of flow

passing by the thrupass, Q:n.u/Q and bypass, Quy,/Q is reconstructed from the streamlines created by the tracer
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Figure 4.2: A review of the experiment explained in detail in the previous chapter. (a) A diagram of the microfluidic
channel used in this experiment. Zooming in there is the thrupass line where the microgel is trapped, and zooming
further there is a micrograph of a trapped microgel. (b) A resistance diagram corresponding to the microchannel,
including highlighting the resistances due to the bypass, Ry, thrupass, Rin-y and microgel, Rqe.
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microbeads. The resistance added by the microgel, R, is calculated relative to the thrupass resistance, R, and

bypass resistance, Ry, as
(Q - chru)Rbyp

Rgel =
8¢ chru

- Rthru7 (41)

where @ represents the total fluid flow through the microchannel. The pressure passing the microgel can be deduced

from Eq.[d.1]as
Pgel = (Q - chru)Rbyp - Rthrthhru- (42)

Recalling that the microchannel resistances, Ry, and R, are described by

a(wen/h) zen
R = W7 (4.3)

where p is the fluid viscosity and z.,, we, and h are the length, width and height of the rectangular microchannel

respecitvely. The subscript ch refers to either the bypass, byp or thrupass, thru. The shape factor is described as

3 ( Wch Wch Weh -1
a(w,ih)z W( S G 2 o U )> (4.4)

mn4 m2nd 2
[127].

The microgels tested in this chapter are the same as in the previous chapter, omitting the soft and small microgels
which were omitted there as well. The batches of microgels tested are comprised of a soft, £* = 110 + 87 Pa and
large microgel, d = 129 + 1.8 pm, a medium, E* = 1.5 + 0.4 kPa and large microgel, d = 139 + 2.1 ym and a
stiff, £* = 15 + 0.9 Pa and small microgel d = 83.4 + 2.9 ym. The microgels in question were made of a similar
photoactivated polyethylene glycol (PEG) mixture, varying the PEG-Diacrylate content and mollecular weight, as

explained in Ch. 2.

85



260

um

No Slip

r./2

Y
>~
w/2

Figure 4.3: (a) A diagram of the simulated microchannel with an undeformed, spherical microgel cutout. The
microchannel is cut into quarter sections, and dimensions for the channel width, w.,, height, h, constriction/slit
width w and channel corner, r. are included, as well as the microgel diameter, d. To capture flow downstream
from the microgel, a z = 60 pm length of the constriction is also included. (b) The same diagram of the simulated
microchannel as in (a), annotated with the boundary conditions on each surface. Inlet and outlet pressures are
provided as uniform P, and P, respectively.

4.2.2 Simulation Overview

In order to better visualize and predict flow around the trapped microgels, an uncoupled series of fluid simulations
were performed using the geometry of the deformed microgels described in the previous chapter. The fluid sim-
ulation was performed in the COMSOL multiphysics simulation environment (COMSOL, Grenoble, France) using
standard laminar flow. The fluid used in the simulation was water at ' = 20C.

The geometry was made to represent the fluid domain in the solid simulations previously undertaken. Because
of symmetry, the channel was cut into a quarter section, which allowed for more efficient simulation. First, a fluid
domain corresponded to an empty microchannel was made, corresponding to dimensions w = 15 pym, r. = 15 um
and either » = 81 pm or h = 85 um, see Fig.[4.3a for full channel dimensions. Exported computer aided design
models of deformed microgels from the previous solid simulations were imported and aligned with the microchannel.
Microgel deformations corresponded to pressures ranging from Py = 0 t0 Pye1 = 6.4 kPa. The microgels were then
subtracted from the fluid domain. In order to avoid thin element membranes, the microgels were moved to overlap
with the trap corner by up to 0.5 um. The mesh was set to the COMSOL physics controlled normal sized mesh.
When increasing the mesh density to extra fine, no significant change in output was measured.

As flow is laminar, the pressure-flow relationship is expected to be linear, i.e. P = QR. Therefore, the resistance
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Figure 4.4: (a) A comparison of the flow through the thrupass, Q.n, With the total inlet flow rate @ for microgels
where E* = 15 + 9 kPa and diameter d = 83.4 + 2.9 um. This is compared with the flow relationship for an empty
microchannel, h = 85 um and w = 31 um. The inset shows a micrograph of a trapped microgel with flow rate
directions labeled. Streamlines reconstructed from videos of the tracer beads in flow are overlaid to the micrograph
in order to show how Q¢nrw and Quyp, are determined. (b) A comparison of flow through the thrupass with inlet flow
rate for all different microgels tested. This is placed on a log-log plot in order compare the different scales for each
of the microgels.

from these simulatiosn can be assumed to come directly from the microgel geometry, as the fluid properties remains
constant in these experiments. To measure the resistance, a uniform inlet pressure of P, = 1 kPa and an oulet
pressure of P,,; = 0 were set as boundary conditions. The microgel, as well as microchannel surfaces were set
to no slip boundary condition, and the cut planes of symmetry were set to the symmetry boundary condition. A
diagram of the fluid domain is displayed in Fig. [4.3p. Resistance was measured from the simulations by measuring

the total flow at the outlet boundary, such that

Rsim - (R - Pout)/Qsim- (45)

The minimal cross sectional area between the microgels and the microchannel was estimated by locating the node
at which the magnitude of velocity was maximized, and creating a cut plane in the direction of the velocity vector. The
Area of this cut plane corresponds approximately to that of the minimal cross sectional area, due to conservation of

volume.
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4.3 Results

4.3.1 Proportion of Flow Trough a Microgel Trap

In the absence of a microgel, increasing the flow rate @ at the inlet led to an increase of the flow rate Qy,, with
the ratio between Q.. and @ being given by the ratio of the hydrodynamic resistances between the thrupass
and bypass channels. When a microgel was trapped by the narrow slit, increasing the flow rate @ at the inlet
led to a non-monotonic behavior of the flow rate Q. through the thrupass channel. At first, increasing @ led to
an increase in Qnry, UNtil @ maximum value of Qv Was reached; increasing @ beyond a critical value then led
to a decrease in the flow rate Q:n., see Fig. [4.4p. The initial rate of increase of Q. With Q follows closely to
that of the empty microchannel as well. At high enough values of @, the microgel plugged the thrupass channel
entirely and all the flow was redirected to the bypass channel. This non-monotonic relationship between Q.. and
Q reveals a strong non-linear hydrodynamic resistance added by the microgel. This relationship holds for both the

soft, E* = 110 & 87 Pa, and medium, E* = 1.5 + 0.9 kPa, microgels, see Fig.[4.4pb.

4.3.2 Added Resistance of a Trapped Microgel

The portion of flow past the microgel is dictated by the changes in the hydrodynamic resistance added by the
deformed trapped particle. The value of R, increased dramatically with flow rate, spanning nearly 6 orders of
magnitude when the flow rates covered 2 orders of magnitude (see Fig.[4.5p). The rate of this increase depended
on the gel elasticity: stiffer gels (E* ~ 10* Pa) led to a slower increase in resistance than softer gels (E* ~ 102 Pa).
Additionally, there is a weaker tendency for resistance to increase more quickly for smaller constriction widths,
noticeable most of all when comparing the smallest to largest widths in the case of the medium stiffness microgel,
where the differences in widths is more pronounced.

The increase in resistance was associated with a displacement of the microgel as it deformed and penetrated
into the slit, see Fig. [4.5p. There is a considerable collapse of the data when comparing R, with [, with each of
the different microgel samples showing a similar trends of increasing resistance. Additionally, the differences in R
with respect to w seen in Fig. are no longer noticeable.

The Reynolds number in the vicinity of the microgel, Re = 2% achieved a maximum value of Re = 2.6,
while the mean value was Re = 0.3. This puts the flow squarely in the laminar regime, and approaching the Stokes
flow regime. For this regime of flow, hydrodynamic resistance is governed by Poiseuille flow. Specifically, the
resistance is dictated by the geometry through which flow passes and the viscosity of the fluid, and is independent
of any inertial effects from fluid velocity. This is supported by the data, which shows considerable collapse when
comparing microgel displacement with resistance, however the question of how exactly the microgel deformation is

causing this resistance remains unanswered. To understand how resistance is influenced by microgel deformation,
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Figure 4.5: (a) The added hydrodynamic resistance of a trapped microgel compared with the flow rate at the channel
inlet. Aninsetis provided showing the same data on a log-linear scale to aid the reader. (b) The added hydrodynamic
resistance of a trapped microgel compared with the displacement of the microgel into the microchannel. The inset
shows a diagram of a deformed microgel with displacement labeled.
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Figure 4.6: (a) The simulated hydrodynamic resistance of deformed and trapped microgels, compared with their
displacement. (b) Simulation of the flow around an undeformed microgel (left), and a one deformed under a simu-
lated pressure of P, = 4 kPa (right). Color indicates the pressure normalized by the inlet pressure P. Isobars are
shown in white. Note how the deformed microgel focuses the pressure drop into a narrow area. = and y directions
represent the imaging plane.

it is necessary to identify where this resistance is occurring. To put it in other words, it is necessary to quantitatively

and qualitatively observe the change in pressure around a trapped microgel.

4.3.3 Simulating Poiseuille Flow Around a Deformed Microgel

Quantitatively, the simulated resistance increased in much the same way as seen with the experimental microgels.
Fig. shows the hydrodynamic resistance increased slowly at first with displacement, but the rate increasing
considerably with increased deformation. This is in agreement with the experimental data, which showed about an
order of magnitude change of R, in the first decade of | before increasing upwards of 4 in the next. Fig. also
shows the influence of microchannel height on resistance. In each simulation, the microgel was set to the same
undeformed diameter, d = 80 um, however the height changed, leaving a clearance of h — d = 1 pm in one case
and h — d = 5 pm in the other. In their undeformed sate, this resulted in Ryci|p—s1/Rgel|n—s5 = 1.64. The magnitude
decreased with increasing deformation, however the difference remains. This may help to explain the differences
within microgel samples for the different resistances. As the uncertainty of d for each of the microgel samples is
close to the range presented in this simulation, it would help to explain some of the variation, although not all, as
within samples there is often an order of magnitude difference in the measured value of R,., see Fig. [4.5p.

In the absence of deformation, the pressure drop in the channel occurred both around the spherical gel particle
and in the slit, as shown by the isobars in the fluid simulation in Fig.[4.6p, left panel. When the gel deformed however,
the pressure drop was focused over a short distance upstream of the slit, corresponding to the region where the

flow was focused through a narrow gap, see Fig. [4.6p, right panel. This cross-sectional area is denoted as A. This
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concentration of the pressure drop indicates that the resistance to flow was due the the bulb like protrusion of the

gel between the channel corner and back wall, as opposed to due to the finger like protrusion into the slit of the trap.

4.4 Poiseuille Flow Around Deformed Microgels

The physical reason behind the focusing of the pressure drop can be understood by measuring the dependence of
R, on A. The Hagen-Poiseuille equation is a specific solution to the Navier-Stokes equations for pressure driven
laminar flow, called Poiseuille flow. In this case, the pressure driven flow rate is described by

B @A(z)2

Qidz ap

(4.6)

Where in this case A(z) is the cross sectional area of the flow, z is the direction of flow and « is the shape factor.

Rewriting this in terms of hydrodynamic resistance, the resistance is defined as

azp

(4.7)

Flow around the trapped microgel is not so simple as a strait channel, as both the cross sectional area and flow
direction change considerably, see Fig.[4.7g. To add another layer of complexity, the region in which most pressure
drop occurs becomes shorter along the streamlines as well, further complicating maters.

The area through which the fluid must pass is bounded by a 3D geometrical shape that is defined by the curved
bead shape and the channel walls. Here | approximate this shape by a triangle with two vertices located at the
contact points between the microgel and the device, while the third vertex is located at the intersection between the
slit and the top wall of the channel. This triangle, of surface area A, is drawn on Fig. [4.7pb. Considering the area
of a triangle to be equal to 1 x base x height, the area of this triangle can be estimated from the position of the
microgel. From the diagram shown in Fig. , the base of the triangle can be seen to measure % — a, where h

is the height of the microchannel. Meanwhile, the height of the triangle can be determined from the Pythagorean

identity as /(w/2 + r.(1 — cos0)2 + (dsinfy/2 — | — a/2)2 where 6, = (I = 0). Therefore, the section area can be

estimated as

1/h dsin 6 a\? w 2

Note however that the flow passes through four of such openings, so that the total area that the fluid can pass
through is 4A.
Equation [4.8|can be slightly simplified by recalling first that the microchannel height is selected to closely match

the size of the microgels, d/h = 1 £ 0.1. As a result we can consider d ~ h. Moreover, the range of d/w values
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Figure 4.7: Streamlines of flow around trapped microgels. Microgels from left to right, are deformed under pressures
of (i) Psm/E = 0, (i) Psm/E = 0.12 and (i) Psm/E = 0.2. Streamline colors represent the value of the pressure
along the streamline. (b) A magnified diagram showing the dimensional makeup of A. (c) A comparison of the base
and height of the triangle which makes up A, each normalized by the microgel diameter.
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that are considered in this study yield a value of sinfy > 0.9, and therefore sinfy ~ 1 and cosfy ~ 0. These two

approximations allow us to write

(18 (B8] o)

Because « is in a direction perpendicular to the imaging plane, it is inferred by considering the contact mechanics

problem of a spherical elastic bead, of diameter d and elastic modulus E*, being pressed with a pressure P, on
top of two cylinders of equal radius r. and spaced by w [14]. The displacement of the gel li1eory due to this forcing
was found to relate to the major axis «a of the ellipsoidal contact between the microgel and the trap, modulated by a
combination of the geometrical parameters of the problem (see Ch. 3 for full derivation):

Iiheory = %‘jeﬂ(%), (4.10)
where (%) is a function that describes the shape of contact (see Ch. 3, Eq. and 0 is the angle created
between the microgel, the corner and the slit (see Fig. 4.7p). The area A of the spacing between gel bead and
sidewalls is similarly estimated from Eq. by measuring the geometric parameters d, w, r. and [. Using Eq.
a is estimated at each imposed flow rate as well.

The area described by A is only an approximation of the actual shape, as it neglects the curvature of the
microgel. Qualitatively however, the curvature does not change dramatically in this section. Furthermore, the
triangle described in Eq. is relatively constant in shape. Comparing its base to height, see Fig. 4.7, there is
an approximately linear slope, R? = 0.97, resulting in only minor increases in . The maximum change calculated
for these values assuming a triangular orifice is amax/amin = 1.29 [127]. As such, in this analysis changes in « are
neglected. Contrary to the trend of slight increasing « with decreasing A is the decreasing =z where pressure change
occurs. While the volume in which pressure loss occurs does decrease according to Fig. [4.7a, this shrinkage can
be assumed to be related directly to the area of A, such that

Rgel AO Co
~ % 4.11
e () (@.11)

where the Ry and A refers to the undeformed case, i.e. at the lowest flow rate tested. Assuming a gradual decrease
in cross sectional area for Poiseuille flow, Cy =~ 2, as described by Eq.

Noting these assumptions for Poiseuille flow, R,.1/R, is plotted as a function of (A¢/A)? in Fig. The plot
shows an excellent collapse for all experimental and numerical results and indicates that R,. scales as A~2. The
collapse of the measurements of R, on a single master curve shows that the resistance to flow is indeed due to
the deformation of the soft solid upstream of the slit which in turn determines the size of the gap that the flow must

go through. Moreover, the rapid increase of R,.; makes it the dominant source of pressure drop compared with a
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the other sections in the rest of the microchannel.

4.5 Valve Behaviour of Deformed Microgels

This increased resistance also helps to explain the deformation behavior seen in Ch. 3. The added resistance due
to flow focusing couples back to modify the shape of the microgel. This determines the values of [ and a, which are
related together by Eq. Recalling from Ch. 3 that a depends on the ratio P = P,.;/E* and a combination of

the geometric parameters, which yields an implicit relationship between mechanical and geometric effects:

a= { 3Pd [aw 42 (d - a) (w+ 2re(1 — cos@))} 5(2)}1/3. (4.12)

47 sin 6 3\2

where F,(%¢) is another function of the shape of contact with the corner (see Ch. 3, Eq. .

Thus far, the individual links between pressure, deformation and resistance of the trapped microgel have been
described. It is now possible to quantitatively understand the relationship between the pressure P, on the trapped
soft bead and the flow Q. it lets pass through. The flow past the trapped microgel is proportional to the changes

in pressure across the microgel and the resistance posed by the microgel

chru = gel/Rgel- (41 3)
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However, the resistance posed by the microgel is not a constant, but instead increases as the microgel penetrates

further into the trap. The data show that fz2l = (A 2, Therefore, it is possible to combine Eqgs {4.13|with [4.11{and
Ry A

showing how the flow is a function of the gel shape:

P d a\’|(d a\’ w a2
Qthru = RoA2 X (4 - 2) [(2 -1 - 2) + (5 +r.(1— 0059)) . (4.14)

4.5.1 Simplifying the Valve Behaviour

Eq. can be re-written by using the formulas for a and [ from Egs. and to obtain
G 2 G 2
Q=P (1-CP'?) ((1 - CsP) 4 CZ) : (4.15)

where flow has been nondimentionalized as Q = % and the geometric constants, C; — C, are functions of q,

d, r. and w:
d2

_ 4.1

@ (d/2)? 4+ (w/2 4 re(1 — cosby))? w10
2/d V3
3 (aw + 2(4 — a)(w + 2re(1 — cos 0)) Fa(re, d))
o ' (4.17)
4md? sin 0
2F1(re, d) &)
2 1 )
G=C5e Tapis w19
w o 2r

w2, . 4.1

o y + y (1 —cosb) (4.19)

The factors C; — C4 are not entirely constant, as a and 0 are subject to change with increasing pressure. For
practical purposes, the contact angle can be simplified by it as the angle of contact at the midpoint, 6 = = /4, and
recalling that cos 6, =~ 0. The position of contact between the microgel and channel wall is approximated [ +a/2 ~ 2.4]

from the simulations. Finally, recall that the approximation of force due to pressure described in Eq. as:
Fp ~ Pyad (% +re(l - 1/2)) . (4.20)

Using these simplifications, the formulas for C; — C, simplify to:

d2
O E o)y (4.21)
1/3
c 3 (w/2 +re(1 = /1/2) Fa(re, d)) (4.22)
2 2v/2rd '
C3 =~ 3.4C3Fy(re, d) (4.23)
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Figure 4.9: Comparison of flow rate through the obstructed thrupass channel, shown in points, with the predicted
flow rate, shown as dashed lines. Normalized flow rates, Q, are given as a function of the normalized pressure P
for the full range of pressures tested experimentally. The data here is limited to /d > 0.3 for ease of reading.

Cy ~ % + 220 (1 1 /2) . (4.24)

From Eq.[4.15]it is possible to predict the evolution of Qv as the driving pressure is increased. Fig.[4.9]shows
the data collapsing onto the range of theoretical curves. It is notable how well the data collapses, with an interquartile
range of Qineory/Q 0f 0.7 to 10.5. For small values of P the pressure does not lead to significant deformation of
the microgel, such that further increasing P leads to a nearly linear increase in Q. When the pressure is increased
beyond P ~ 1 (P, ~ E*) the microgel deforms, which increases the value of R, and leads to a decrease in the

flow rate through the slit.

4.5.2 Maximum Flow Rate Through a Microgel Valve

Eq. shows that the dimensionless flow rate Q depends only on the dimensionless pressure P and on the
geometry of the slit, through the parameters C; — C,. For a given geometry it follows that Q traces a unique
curve, of parameter P, whose maximum value Q... thus only depends on the geometry of the slit. Therefore the
maximum dimensional flow rate Qmax = OmaxE* /Ry scales linearly with the Young modulus of the gel E*: a soft gel
deforms right away and plugs the channel at low pressures, while a stiff gel allows higher flow to go through. This

linear increase is confirmed by comparing the largest measured flow rate with the prediction of Q.,.x, @s shown in

Fig. @-10g.
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Figure 4.10: (a) Maximum experimental flow rate Qn.x past the microgel as a function of the Young’s modulus E* of
the trapped bead. Points: Experimental data. Error bars represent 1 standard deviation. Line shown represents the
linear best fit. (b) A comparison of flow rate through the obstructed thrupass channel, normalized to the predicted
maximum flowrate, Q... and the pressure normalized to the pressure predicted to achieve the maximum flow rate,
Pmax-

Rescaling the predicted flow rates and pressure by the predicted Qmax and maximum pressure Ppax = Peel (Qmax),
it is possible to evaluate the predictive power of the overall model. This comparison is shown in Fig. 4.70p. In
general, the model accurately predicts the maximum flow rate, achieved by the valves, with the medium stiffness
microgels over-predicting the maximum flow rate. More consistently is the over-prediction of when maximum flow
will be achieved. These may be explained by discrepancies in the predictions of [ and a, which were discussed in

the previous chapter.

One implication of Eq. is that of a cut off pressure, at which point Qinry = 0, Where Py > Prax. This
is supported from the data as shown in Fig. where the flow rate begins rapidly decreasing. This was also
observed qualitatively during experiments, as above the pressures tested, the microgels would typically fully pass
into the constriction of the trap. This occurred rapidly with increases in flow rate. Qantitatively, the precise value of
P, is beyond the scope of this study, as measuring Q.. While the microgel is moving poses technical challenges,
and additionally the pressure was often increased in steps. Furthermore, the geometry of A changes beyond the
assumptions made here. Despite this, as the onset of plugging is rapid, the model presented here does suggest at
what pressure plugging transitions to an unstable and purely transient phase.

The predictions made by Eq.[4.15|also indicate a complicated interplay of microchannel geometry. Fig.[4.11j-b
shows the predicted effects of varying the microchannel geometry for a given microgel. In general, increasing w
has the effect of decreasing Qmax While reaching that point at a lower P,.;, while the opposite is seen by increasing

r.. While it may seem intuitive that a smaller constriction would more quickly limit flow, this seems to indicate the
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Figure 4.11: The theoretical flow rate predicted by Eq. for a microgel with a diameter of d = 80, undeformed
resistance of Ry = 1 and elasticity of £* = 1. (a) Predicted flow rates for a microfluidic trap with a corner radius of
r. = 15 for a range of different w. (b) Predicted flow rates for a microfluidic trap with a width of w = 15 for a range of
different r..

opposite. As the microgel can more readily penetrate into the constriction with a larger w, the maximum flowrate is
more limited, and at a lower pressure. Meanwhile, a sharper corner at the trap slit will force the microgel to deform
more in the direction of the channel height, plugging more quickly. This analysis however should be taken with a
grain of salt, as the analysis presented in this chapter neglects to predict Ry, which is certainly dependant upon the
microchannel and microgel geometry. Meanwhile, the trends in P,.x are less evident than those in Quax, and is

overshadowed by noise in the data, see Fig.[4.9]

4.6 Discussion

4.6.1 Practical Application Trapped Microgels

The results presented here can impact several applications, beyond their scientific interest. They provide a physical
basis to understand the encapsulation of soft beads in droplets, which has emerged as an important microfluidic
technology [187]. In a different operation regime, the strong nonlinear relationship between pressure and flow rate
can lead to the design of microfluidic nonlinear flow elements, such as check-valves or flow limiters. These devices
play an important role in ensuring the robustness of fluid circuits and protecting against surges. Along with cutting
off flow at high pressures, these valves can maintain flow near the maximum flow rate despite pressure variation.
The analysis above shows that the maximum allowable flow rate scales linearly with E*, thus providing a simple

design rule.

4.6.2 Valve Model Limitations

While the model of the trapped microgel as a valve is in relatively good agreement with the data for the majority of

the data, it relies on the contact modeling performed in Ch. 3. One specific limitation to the model was the range
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of I/d which could be predicted. This is mitigated by the fact that fact that resistance increases dramatically where
l/d is large, however the fit of data is poorest at larger values of Py, corresponding to large {/d. More numerical
models of A(Pg1) would allow for significant improvement on this front, extending the range of P,.1/E* which are
described beyond the model described in Ch. 3.

While Qmax ~ E* holds for these experiments, the influence of geometry is only accounted for as a scaling law,
Rge1/Ro ~ (A/Ao)~2. As mentioned above, the R, is not calculated and is instead measured experimentally. While
this can easily be overcome using simulations, these same simulations show that small changes in the fit of the
microgel and microchannel can affect R,.. Strict control over d and h must therefore be utilized so as to minimize
h — d if these microfluidic valves are to be used in practice. Similarly, the effective elasticity of the microgels in these
tests had wide uncertainties, and this would need to be overcome in order to precisely predict Qumax-

The model presented here is also static, however particles entering into constrictions are a dynamic process.

The range of experiments performed here, the largest Cauchy number is Cy = pU?/E= ((20(01321’)‘14232@)2 (g%ggl/jg) -
0.049, indicating that elasticity dominates over inertial effects for these trapped microgels. It follows that the flow
around the microgel will also be minimally affected by inertia of a microgel as it deforms. Microgels are however
poro-elastic, meaning that their elastic effects will depend on the rate of loading [164], [134]. For the use of trapped
microgels as a valve, this dynamic response will be particularly important. As a flow regulating valve, the trapped
microgel will be used to maintain a nearly constant flow rate despite fluctuations in pressure. To design around this
fact, understanding the dynamic response of microgels under changing pressures is necessary to properly design
to maintain the desired flow rate. Further experiments are however required to investigate this phenomenon, in

particular with particles that have had their full elastic profile described rather than only the steady state elastic

response.

4.7 Conclusion

Not only does entering into a microfluidic constriction deform the the particle, but the particle pushes back on the
flow, causing a spike in hydrodynamic resistance. By coupling the deformation of the trapped microgel particle with
its resistance, a valve model of flow is constructed. Noting that pressure drop is dominated by the minimal cross
section of flow, | modeled resistance as proportional to the inverse of this area squared. Combining this model with
the deformation model described in the previous chapter, | was able to model the valve behaviour of the flow past
a trapped gel. This novel model is in relative agreement with the data, reflecting a rise to a maximum possible flow
rate before plugging flow completely. Both the maximum flow rate and plugging pressure are predicted accurately
by the model, in particular noting that the maximum flow rate is linearly proportional to particle elasticity.

Despite this, several challenges are posed when comparing the predicted to measured flow past trapped micro-

gels. First and foremost are the propagation of uncertainties from the deformation modeling. As discussed in Ch.
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3, the deformation modeling is only valid for small microgel deformations. Despite this the valve model presented
here retains its general accuracy. Further investigation into the deformation of microparticles through their entire
transition into a constriction will certainly improve the model presented here. Additionally, investigating the dynamic
behavior of trapped microgels will pave the way for practical use as a valve. From a practical standpoint, improved
precision in manufacturing of microgels and micro-channels will pave the way for adapting this work into practical
microfluidic valves.

This chapter addressed specifically the fluid-structure interactions at play as a microparticle enters into a one
dimensional constriction. After the pressure reaches its plugging limit, the contact forces become imbalanced and
the microgel rapidly enters into the constriction. While this certainly has an effect on the flow past the particle, this
period is short, and the particle quickly accelerates. Once in the constriction, the question of how a particle moves
through the constriction remains, and poses a different set of fluid and structural questions to those posed for the

entry into a constriction.
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Chapter 5

Lubrication and Fluid Flow Around a
Microgel Traveling Through a Square

Channel

5.1 Introduction

Particles in both natural and laboratory microfluidic settings are often forced through narrow confinements, forcing
the particle to deform and flow to adapt to pass around this obstruction. Red blood cells for example are regularly
constrained while passing through the circulatory system, deforming dramatically to pass through capillaries less
than half their diameter [87]. In doing so, they resist flow, creating a lubricating layer between the cell and capillary
[60]. The passage of cells and capsules through microfluidic long constrictions has in particular been extensively
studied, allowing for testing cells for disease [150}, (144 [72], measuring cellular material properties [177, 72, 117],
and cell sorting [177] 28], [29].

As a result of their confinement, particles press outward on the confining channel walls proportionately to their
elastic modulus and degree of confinement, as described by Hertzian contact mechanics [14), 8, [184]. This is
mechanically distinct from droplets or capsules, which are fluid filled and therefore have internal flow controlling
their behavior [84) 18, [171) 125]. This elastic behaviour is not only dependant on the elasticity of the particle, but
also the shape of confinement. Comparing two common microfluidic channel shapes, a circular microchannel will
distribute stress evenly around its central axis compared with a square channel, which will concentrate stress where
the microchannel is in contact with the particle, and result in gutters in the corners between the microgel and
microchannel [14] 8] [184].

The presence of a particle within confined channels will also interact with the flow pushing the particle forward.
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As demonstrated in chapters 3-4, the deformation of a microgel changes the flow path around the microgel, which in
turn affects the pressure applied to the microgel, further affecting deformation in a two way coupled system. While a
particle will maintain a constant shape when passing through a strait confined channel at steady state, the particles
shape will still affect flow around it. Previous studies of the passage of microparticles through microfluidic channels
have noted that the pressure necessary move a confined microparticle through a circular capillary increases as the
particle becomes larger with respect to the capillary diameter [111, (109, [110]. Similar findings have been shown for
the passage of microgels through square microchannels |96, 28| [184], however the mechanistic understanding of

the phenomena is still incomplete.

Thus far this thesis has studied the fluid structure interaction of confined microgels as they enter into a one di-
mensional constriction. Once the microgel has entered into the constriction however, a new set of forces are applied
on the particle. Moving through a region of constant confinement, the particle resists motion, and effectively adds
a resistance to flow as it moves through the channel. In this chapter | move the focus away from one dimensional

constrictions to instead investigate the passage of microgels through square microchannels.

Using a mixture of laminar flow and fluid structure interaction, this chapter intends to develop a model to describe
the particle velocity and resistance to flow. | analyze the effect of fluid viscosity, microgel size and microgel elasticity
to create as holistic a model of microgel passage as possible. To do so, | first measure the velocity and pressure
drop across microgel particles within a microfluidic comparator. Due to the confinement of the microgel, the microgel
nearly comes into contact with the microchannel on four sides, with only a thin layer of fluid between the microgel
and microchannel, and gutters in the corners. | then split my analysis into two parts; one where fluid passes
around the microgel without deforming the microgel, and a second where because of the thin fluid layer between
the microgel and microchannel, the microgel is deformed from the pressures induced there. Finally | bring these
two parts back together in order to suggest a hypothesis as to how the lubrication thickness changes with respect

to particle confinement.

5.2 Methods

As the microgels pass through a microfluidic constricting channel, they increase the hydrodynamic resistance to
flow through said channel. While in motion, the microgel interrupts the flow through the channel, forcing energy to
be spent both on moving the microgel and flowing around the microgel. Effectively, for the same pressure at the inlet
and outlet of the microchannel, a decrease in flow rate through the channel will be experienced when a microgel
is passing through it. Due both to the brief passage of microgels through the microchannel, as well as the small
overall scale, a specialized microfluidic channel is necessary to measure changes in resistance with both sufficient

range and precision for the resistances added by the microgels.
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5.2.1 Microfluidic Comparator: Measuring Resistance of Moving Microgels

A simple method of measuring pressure drop due to transport of bodies in a microfluidic channel is a microfluidic
comparator, such as that shown in Fig.[5.Th. In effect, the resistance of a body, such as a microgel, flowing through
a regular channel is compared with an identical channel without the moving body. Where the two channels meet, it
is possible to compare the flow rates of each channel and calculate the resistance, noting their identical pressures,
such that

AP = QiR = QuRs (5.1)

where AP represents the pressure drop across the channel, Q) represents the flow rate and R the channel resistance
for the two (1 and 2) channels. The flow rate of the two channels is measured relatively by measuring the deflection

of the streams, such as with embedded tracer particles, or by coloring the unperturbed inlet.

Several versions of comparator channels have been used in literature, including those with and without a spilit in
the microchannel after the comparator region, and can be controlled by inlet pressure or inlet flow rate, depending
upon the specific geometry [165] 166! 5,88, 28]. In the case of this study, | opted to use a flow controlled comparator.
This was done in order to avoid the need to control for any upstream effects introduced by injecting microgels into the
system. Instead, the flow rate of the reference fluid and the one containing microgels are balanced and controlled,
with deflection measured as microgel particles enter the second separation, see Fig.[5.1a-c. This kind of comparator
also has the added benefit of not requiring device calibration to determine the inlet flow rates. Furthermore it allows
for the independent control of the flow of microgels, and the carrier fluid which combine at the inlet, while precisely

maintaining the balance of pressure downstream.

A resistance diagram of the comparator channels can be seen in Fig. [5.7b(iii). While the inlet resistances
are included, it is only the post comparator channel resistance, R, and the added gel resistance, R, that are of
interest to this work. As the pressure at the ink-gel mixture interface has a constant pressure, we can determine the

resistance of the two channels as

Pe= Ro(Q+ AQ) = (Ro + Rga1) (@ — AQ) (5.2)

where P, is the pressure difference between the comparator section, and the outlet, @ is the prescribed inlet flow rate
for the ink and gel mixture channel, and AQ is the flow deflected away from the microgel. The channel resistance is

calculated assuming a constant rectangular section and a constant viscosity, such that

HZch

Ro =«
w2h?

(5.3)

where p is the fluid viscosity, z., the channel length, and w and h are the channel width and height respectively.
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Figure 5.1: (a) Diagrams of various comparators as viewed from above. These comparators are controlled either
by inlet pressure (i and ii) or by inlet flow rates (iii). Pressure controlled comparators measure the added resistance
starting from the inlet, while flow driven comparators measure the resistance starting from after the comparator. The
interface between the two flow streams can be read either as the streams merge towards the outlet (i) or relative to a
split in the streams (ii and iii). The perturbing object (e.g. droplet or particle) is shown in blue in the test channel. The
region of interest corresponds with the test channel and the comparator itself. (b) Resistance diagrams for various
types of microfluidic comparators, corresponding to those in (a). (c) A micrograph of a flow driven comparator as a
microgel enters into the comparator region (left), and as it passes through the comparator channel (right).
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The shape factor for a rectangular channel is described in Mortensen et al. as a function of the aspect ratio of the

channel [127,68], w/h, such that

()= (S (S () o

n=1,3,5...

In the case of a square channel, where w = h, this shape factor has a value of a(1) = 28.5.

5.2.2 Measuring Flow in a Comparator

The resistance imposed by a moving particle is accompanied by a deflection in flow away from the particle in order
to satisfy Eq. As the two flows are coloured, it is possible to see the deflection, X and X, at the comparator,
see Fig. [5.7c. As the flow passing through a microfluidic comparator is in the laminar regime, and typically the
Stokes regime (Re < 1), there is minimal convective mixing present. Furthermore, for the fluid residence time in
the comparator, the flow is moving faster than the rate of diffusion. This is validated simply by using the comparator
without microgels present and seeing a clear interface which extends the length of the comparator to its furthest
edge. With that in mind, in this experiment it was decided to use ink as the method of discerning the interface
between the two inlets, as it is easily visible, while producing no fouling, nor having any measured effect on the bulk

fluid viscosity.

The proportion of flow deflected at the comparator can easily be estimated by the steady state Stokes and
continuity equations,

uV2i — VP =0 (5.5)
V-d=0 (5.6)

where @ is the fluid velocity in three dimensions. The exact solution to [5.5|for a rectangular cross section results in
an infinite series expansion, however Vanapalli et al. suggest the use of a simplified formula described by Ismagilov

et al. [165,188], such that the fluid velocity in the channel is described by

B 2y ? 22\ "
u(z,y) = (1 - <h> ) <1 - <w> ) (5.7)
which describes flow velocity as independent in the Z (width) and i (height) directions, while m is a function of the

channel aspect ratio: m = v/2(h/w) + 0.89(w/h).

In the case of a deflected comparator interface, such as that shown in Fig. 5.7k, the proportion of flow can be

105



derived from the definition of flow rate, such that
—w/2+x rh/2
AQ _ f—w//2 _;/1/2 u(z,y)dyds

w/2  h/2
@ Jﬂé/z ff}/l/2 u(z,y)dydz

where z is the length from the inner channel walll to the ink interface, see Fig.[5.7k.

While the proportion of flow is most intuitively measured by measuring slightly downstream of the comparator,
where the interface stabilizes and is described accurately by [5.7] the distances involved are often relatively small,
resulting in poor accuracy when calculating AQ/Q. To improve on this, we opted to measure the displacement of
the interface from the tip of the comparator, as shown in Fig. and described in Vanapalli et al. [166] when

measuring the added resistance of droplets.

5.2.3 Experimental Materials and Protocol

The microfluidic comparator was first modeled using a vector graphics software (Inkscape, Inkscape Project), as
shown in Fig. [5.2Za. A photomask was then laser printed on an acrylic sheet (Micro Lithography Services LTD).
Using the printed mask, a mold was made in SU-8 photoresist on a silicon wafer, using standard soft lithogra-
phy techniques [125, [122]. Microchannel heights were verified by measuring the mold height using a scanning
profilometer, measuring height at the centre and edges of the channel. A 10:1 (w/w) mix of Polydimethylsiloxane
and crosslinker (PDMS, SYLGARD 184, Sigma Aldrich, Darmstadt Germany) was then poured over the mold, de-
gassed, and baked for between 2 and 24 hours at 70circleC. The PDMS microchannel was cut, had appropriate
holes punched, and bonded to a glass microscope slide by plasma cleaning for 30s. Early troubleshooting indicated
that microgels would be less likely to stick to the walls of the microchannel when the channel was made to be
hydrophobic. To make the channel hydrophobic, before use, the channel was flooded with an electronics coating
(NOVEC 1700, 3M Company, St Paul MN), and evaporated by heating the channel to 110C for 30 min. This process
was repeated for a total of 3 coatings.

The comparator in question was designed to work well with some of the microgels which had been made for
work in previous chapters of this thesis. With that in mind, a main width of w = 100 um was selected such that
the diameters of the microgels used here would range from slightly smaller, to significantly larger than the channel
width. The outlet channels were separated by a total of 200 um to aid in visually identifying the ink flow deflection.
The channel height was set to h = 95 um. Finally, the test channels have a length of L = 2mm, to allow for sufficient
transit time and to easily identify the flow deflection. These dimensions are shown on Fig. [5.2b. Additionally, the
channel has three inlets and a single outlet. The colored fluid enters in a single line, while a carrier and gel line
combine upstream. This was done to allow tuning the frequency of microgels entering the comparator for easy

analysis.
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Figure 5.2: (a) The microfluidic mask used in this design, containing two different comparator channels. The principle
difference between the two channels is the inclusion of a third inlet used to balance suspended gels and carrier fluid.
The two inlet channel was used for measuring viscosity. The mask is shown at 2x scale. (b) An annotated diagram
of the microfluidic comparator. Interface deflection measurements are indicated by X.. at the comparator and
X further down the channel. (c) A diagram showing the experimental setup. This includes syringe pumps, the
microfluidic channel, microscope, camera, data acquisition and waste.
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PEGDA % aq (v/v) | Diameter, d (um) | Effective Elasticity, E* (kPa)
9 85.3 2.5 17.8 £5.1
9 104.9 + 2.2 5.20 +1.20
9 124.6 + 4.8 6.17 + 3.33
12 97.3£2.6 109+ 1.7
12 108.1 + 3.0 19.0 £12.8
18 109.5+ 4.4 154 + 125

Table 5.1: Summary of PEGDA microgels tested. All microgels were made of an aqueous solution containing 5
% (v/v) photoinitiator (2-hydroxy-2-methyl-1-phenyl-propan-1-one,Sigma Aldrich, Darmstadt Germany), contained
a total of 65 % (v/v) PEG (mw 200) and PEGDA (mw 700), and 1 % SDS. Gels were photopolymerized in a flow
focusing channel as described in Ch. 2. Elasticity measurements were made using the elasticity trap described in
Ch. 3 (n > 3).

The layout of the experiment is illustrated in Fig.[5.2c. The microchannel was connected via imm OD tubing to
syringes connected to a syringe pump (NEMESIS, CETONI GmbH, Korbussen Germany) which would be used to
set the desired flow rates. The inlet flow rates for the ink line was set so that it would always be equal to that of the
combined flows of the microgel and carrier lines. The comparator was viewed over a microscope using a high speed
camera (FASTCAM SA4, Photron Europe Ltd, Buckinghamshire, GB) in order to accurately measure the speed of
microgels passing by.

Poly-Ethylene glycerol (PEG) microgels were chosen for use in these experiments. A full description of their
production can be found in a previous chapter, see Ch. 2. In order to control the elastic moduli of the microgels,
the proportion of Poly-Ethylene glycerol Diacrylate (PEGDA) within the pre-gel mixture was varied from 6 to 18
%. The combined concentration of PEG, mw 200, and PEGDA, mw 700, was kept at a constant 65 % (v/v). The
elastic moduli of the microgels was tested using a microflulidic trap, as described in a previous chapter, see Ch.
3. Diameters were measured in the microchannel where they were confined on only two sides. For d/w < 1.4,
where v < 0.4, the diameter change perpendicular to the direction of confinement is less than 5 % as predicted
by modified Tatara contact analysis [113]. A full description of the microgels tested here can be found in Table
Microgels were stored at room temperature in a solution containing 10 % sodium dodecyl sulfite (SDS, Sigma
Aldrich, Darmstadt Germany) after washing and up until testing, where the solution was diluted to 1 % SDS, and
was mixed with either water or aqueous glycerol.

The carrier and ink fluids were composed both of a solution containing 1 % SDS mixed in either water or a
1:1.1 water-glycerol mixture. The inclusion of SDS was done to further avoid any sticking of the microgels to the
microchannel wall. The ink line was coloured by adding in 0.3 % black china ink, which was mixed and filtered
through a 0.2 um filter. This proportion was selected as it provided an visually obvious interface to measure against,
while negligibly affecting the other fluid properties.

The viscosity of the SDS mixture, as well as the glycerol were measured using the microfluidic comparator, and
were compared against pure water at 20C, with a viscosity of u = 1mPas. The flow rate of the compared fluid

was modified against that of water until the interface between the two was precisely equal, such that z.. = 0, see
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Figure 5.3: (a) A diagram showing the contact simulation between the microgel (blue) and microchannel (grey).
Channel and microgel dimensions are listed, as well as the cut planes of symmetry. The master and slave designa-
tions refer to the contact declarations done for the static explicit simulation. Contact was undertaken by advancing
the microchannel a distance of Aw towards the microgel. An inset highlighting the cut plane on an experimental
micrograph of a moving microgel is provided for reference. (b) A deformed microgel in contact with the advancing
microchannel wall. Colouring represents total displacement in order to better illustrate the deformation. The dis-
placement of the microchannel walls corresponds with Aw = 7.5 pm.

Fig.[5.2p. This meant that the two comparator channels contained only their respective fluids (drastically simplifying
the analysis done here). Using and noting that the geometry of the two channels are identical, can be

rewritten in terms of only the respective viscosities such that

Qip; = Qref,uref (59)

where the subscripts i and ref refer to the fluid being measured, and the reference fluid, water respectively. The

viscosities of the fluids were estimated as psps = 0.001Pas and figiycerol = 0.016 Pas.

5.2.4 Solid and Fluid Simulation Design

A combination of fluid and solid simulations were used to help understand the mechanics of microgel transport
through a square constriction channel. These simulations were undertaken separately, first estimating the solid
deformation due to confinement within the microchannel, and then exporting the deformed microgel geometry to a
fluid simulation to measure fluid flow around a microgel. As the microgel is travelling in an approximately square
microchannel, the simulation was cut along the Z and  axes of symmetry, see Fig.[5.3a, which both aids qualitative
analysis, and also reduces computation time.

Solid simulations were performed in the ABAQUS CAE environment (Dassault Systems, Vélizy-Villacoublay,
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Figure 5.4: (a) A diagram outlinining the model parameters for the simulated flow around the confined microgel.
The domain was cut along the lines of symmetry. This microgel in particular is undeformed, i.e. d = 100 ym. The
microgel surface was set to move at a constant velocity, 4.1, the outlet was set to a constant pressure P = 0 and
inlet pressure was declared to correspond with pressure drop across the microgel, P = P,e. (b) A simulated fluid
domain corresponding with d = 104 pum. (c) A simulated fluid domain corresponding with d = 115 pm.

France). To measure the effect of confinement between the walls of the channel and the microgel, a microgel of
constant diameter was progressively constrained by moving the channel walls towards the microgel, see Fig. [5.3p-
b. The channel is set to be rigid, as in the experiments its elasticity is significantly greater than the microgels in
guestion, with a typical Young’s modulus of £ ~ 1 — 10 MPa [89, [95]. As the microchannel walls were considered
rigid, they were declared the master contact surface, while the microgel was declared the slave, with symmetry

imposed on its cut sides. The contact simulations were done using a dynamic explicit solver.

The initial size of the microgel was set to be h = w = 100 pum, which would then decrease by Aw over the
course of the simulation, see Fig.[5.3p. Meanwhile, the microgel diameter was kept at a constant dy = 100 pm. The
simulated microgel had an elasticity of £ = 10 kPa and Poisson ratio of v = 0.35, selected to be representative of
a typical PEG microgel [27]. The results were then rescaled such that w = 100 pum, and d varied with confinement
in order to be reflective of the experiments, i.e. d = —%—-d,. Other parameters, such as contacting area and force
were scaled accordingly.

The Computer Aided Design (CAD) models of the deformed microgels were exported and rescaled from the
solid simulation to a fluid simulation in the COMSOL multiphysics environment, (COMSOL, Grenoble, France). The
fluid simulations were performed assuming laminar flow, with water as the fluid. A negative of the solid simulation
was made by exporting the deformed microgel model to the fluid simulation, and subtracting it from the volume of
an unoccupied microchannel. In order to overcome the numerical challenges of simulating precisely overlapping

surfaces, the microgel was simulated as having been moved towards the microchannel by 0 — 0.5 pm to create a
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significant overlap, see Fig.[5.4p-c. While flow through the thin layer between the microgel and the microchannel is
significant to this study, this region of flow was studied separately from the rest of the fluid domain.

The fluid simulation performed here was used mainly to understand the flow through the gutters around the
microgel while the microgel was moving. To do so, an inlet pressure of P = 0.1 kPa or P = 0 and outlet pressure of
P = 0 were set for all simulations. Meanwhile, the surface of the microgel was set to be a moving wall with a velocity
of uge1 = 0.1 m/s, Or uger = 0. No slip boundary conditions were applied to all microchannel surfaces with symmetry
applied appropriately on the cut planes, as shown in Fig.[5.4p.

Meshing was performed mostly ad-hoc in this work, as results could be easily validated by comparison with
experimental data. In the case of the solid simulation, the mesh was seeded with a density of 1.75 ym using a
standard hex-dominant mesh. In the fluid simulations, the built in COMSOL physics based mesh at normal and fine

were both tested, finding no change in results.

5.3 Experimental Results

5.3.1 Microgel Velocity, Fluid Velocity and Microgel Confinement

The transport of microgels is in response to the fluid flowing around it. A series of micrographs of a sample mi-
crogel passing through the comparator and test channel are shown in Fig.[5.5a-b. As the microgel enters into the
comparator, it becomes confined only by the microchannel height. While the microgel is in the comparator section,
it briefly decreases the flow of the carrier, creating a "wave” of the ink, shown at 7 = —0.035 s. The microgel moves
through the comparator relatively slowly until it reaches the entry of the test channel, where it accelerates and is
pulled through the channel. Once the microgel is in the test channel, it accelerates to a steady state velocity almost
instantaneously, see Fig.[5.5p. As it is the transit through the test channel constriction which is of interest here, the
gel velocity is thus defined as uge = (dzge1/dT) |2, >0, Where 7 = 0 and z,.1 = 0 occur when the microgel first enters
the test channel. During this steady state, the interface between the ink and carrier fluids also reaches a steady
state until the microgel exists the test channel downstream.

The velocity of the microgels is heavily dependant upon the fluid velocity within the test channel, see Fig. [5.5¢.
The microgel velocity increases approximately linearly with the mean fluid velocity, uaua = (Q — AQ)/wh, with a
mean slope of dugei/dugwia = 0.95. Fig. also shows this trend to be independent of either fluid viscosity or
microgel elasticity. The microgel velocity increases with respect to the microgel diameter. In fact, if the data is
isolated to that of unconfined microgels, d < w = 95 um, the microgel velocity is in fact greater than the mean fluid
velocity. It is worth noting that fluid velocity is not evenly distributed within the channel, with a maximum fluid velocity
greater than the mean. It follows that the confinement of the microgel has an effect on the velocity of the microgel,

which raises the question of how the additional confinement influences the microgel velocity.
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5.3.2 Resistance of a Microgel in a Square Channel

The resistance of the microgel changes considerably depending upon the microgel size, increasing by several
orders of magnitude, see Fig.[5.6f. At first glance, the relationship between microgel resistance and diameter may
seem uncorrelated, however if the different fluid viscosities are accounted for, a more consistent trend of increasing
resistance with increased diameter appears. The flow in the microchannel is laminar for all experiments, as the
Reynolds number ranges from Re = w € (0.04,45), while turbulence occurs at Re > 2300. For laminar flow,
the resistance is increases proportionately with the viscosity of the fluid, R « u. The resistance shown in Fig.
increases by approximately an order of magnitude, while pgiycerol/tsps = 16. The increase in resistance with
increasing microgel diameter is intuitive, both because larger microgels will obstruct more flow around them, and
also because more of the microgel will be in contact with the sides of the microchannel.

Unlike with viscosity, Fig. shows the elasticity of the microgel to have a minimal impact on the resistance.
This is despite the microgels elasticity spanning E* = 5.2 kPa to E* = 154 kPa, indicating that if the elasticity of
the microgel has any effect, it is minor. Finally Fig. shows the fluid flow rate has only a minor influence on the
resistance. In general, increasing flow rates has the effect of decreasing the overall resistance.

As the flow is laminar, the added pressure drop due to the microgel can be assumed to be occurring locally to
the microgel, such that

Pgel = Rgel(Q — AQ). (5.10)

Using this, the data in Fig. can be transformed in terms of the pressure across the microgel, as shown in
Fig.[5.6b. Again pressure increases both with microgel diameter and with carrier viscosity, with the data clustering
more closely together. Still, there is considerable spread within the data. Unlike with when comparing Resistance
to flow rate, the microgel velocity seems to have no clear effect on the pressure.

Normalizing the pressure by the microgel elasticity, the trends described in Fig. become more obvious, see
Fig. Looking only at the data for the low viscosity carrier fluid, which spans a wider range of confinement, a
correlation of P,/ E* ~ (d/w)®* can be fitted with a coefficient of variation of R = 0.72. It is worth noting that
this fit is only to illustrate the magnitude of scaling. Meanwhile, the effect of viscosity remains constant, increasing
pressure approximately ten fold.

The confinement alone however does not fully explain the drop in pressure measured. Similar to the data
measured in Ch. 3 and 4, there is a wide variation in resistance. In this case however the variation in E* of the
microgels does not seem to be a likely cause, as it was shown to have a negligible influence despite fully spanning
nearly 2 orders of magnitude. Regardless, by normalizing P,.i/E*, any effects of elasticity are expected to be
accounted for. In the case of this study, minor variations in microgel diameter are also accounted for. Finally, there
is little reason to believe that the channel itself has a major impact on the data, as the process to manufacture

channels should result in nearly identical surface roughness. What does change between tests however is the
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Figure 5.6: (a) A comparison of the added resistance to flow in the test channel R, with the diameter of the micro-
gels d and the flow passing through the test channel, Q@ — AQ. (b) A comparison of the pressure drop which occurs
across the moving microgel, P, with its diameter, d and the microgel velocity ug.1. Symbols classify experiments
by microgel elasticity, £* and the fluid viscosity (.
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Figure 5.7: A comparison of normalized pressure drop across the microgel P,.1/E* with degree of confinement,
d/w. Data has been separated into that using a water solution and that using a glycerol solution.

velocity of the fluid phase and microgel, which also spans a wide range.

5.3.3 Linking Microgel Velocity and Pressure

Accounting for both confinement and pressure, Fig.[5.8| shows the how the microgel velocity changes relative to the
carrier fluid velocity. Here, the trend of decreasing u,e1/uauia With increasing confinement is made clear in light of
the effect of pressure. Fig.[5.8/shows the relative velocity increase with increase in relative pressure drop. This trend

also overlaps heavily with changes in viscosity, reflecting the increase in pressure with respect to viscosity shown in

Fig.

5.4 Simulated Dry Confinement of a Microgel in a Square Channel

Before analyzing the flow around a confined microgel, it is necessary to understand the deformation of the confined
microgel independent of the flow. Where P,.;/E* < 1, deformations of the microgel are expected to be predomi-
nantly due to the contact forces between the microgel and the microchannel wall, excepting where local pressure
increases to where P, ~ E*. While the deformations of a sphere contacting a flat wall are explained by Hertzian
contact mechanics [14}, (59 [138], the constriction of a sphere on four sides is mathematically complicated to model.
Instead | opt to use numerical methods to modify the existing Hertzian contact equations.

The deformation of a microgel by constriction within a square channel was simulated by approaching a corner

against a quarter section of a microgel and then rescaling such that the channel width, w, remains constant and the
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Figure 5.8: A comparison of the change in relative velocity, w1 /v With changes in microgel confinement d/w, as
well as the relative pressure P,/ E*.

microgel diameter, d, changes. The evolution of the deformation of a constrained microgel is plotted in Fig. [5.98.
As the microchannel moves towards the microgel, the microgel elongates in the perpendicular to the channel walls.

Meanwhile, the contact area and contact pressure increases with increasing confinement.

5.4.1 Microgel Deformation

For single sided contact, where a sphere moves a distance of I = (d — w)/2 (corresponding to the confinement of

the microgel tested here) towards a flat plane, the radius of contact is expected to scale by
1
AHertz = 3 d(d — w) (5.11)
such that the contact area is

Act Hertz = Mgy (5.12)

The contact area is compared with the equivalent microgel diameter in Fig. 5.9, showing an quadratic relationship
between A.; and d (R? > 0.99 in all cases). To correct for the effects of confinement on four sides, a prefactor has
been added such that Ac; = CetAct,tert,- Letting Ceq be a power law of (4), the confinement correction factor is

determined from the simulation for v = 0.35 as

d 1.6
a¢12<w> , (5.13)

with a coefficient of determination of R? = 0.99. This fit is shown alongside the data in Fig. [5.9p.

As the simulated Poisson ratio of the microgel increases, so does the contact area. The contact area remains
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Figure 5.9: (a) The simulated contact pressure distribution across a quarter section of a microgel as the microchan-
nel walls are moved towards the microgel by a distance of Aw. Color bars represent contact pressure, in Pa. (b)
Simulated contact area as a function of the rescaled microgel diameter. The microgel diameter was rescaled such
that w = 100 pm, and contact area was rescaled accordingly. A range of Poisson ratio, v was also tested to validate
the use of v = 0.35 for the model microgel. The best fit for » = 0.35 is plotted alongside the data. (c) Simulated
cross sectional area as a function of rescaled microgel diameter. The microgel diameter was rescaled such that
w = 100 pum, and cross sectional area was rescaled accordingly. The solid line represents the best fit described in
the text. The inset shows visually the cross sectional view of the microgel. (d) Contact pressure as a function of
rescaled microgel diameter. The solid line represents the best fit described in the text. The inset shows the growing
area and contact pressure as confinement increases. The microgel diameter was rescaled such that w = 100 ym.
Force was rescaled assuming £* = 1 kPa.
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the same order however, with % = 1.22 at d = 115 um. Because literature estimates for the Poisson ratio
of PEG based gels is v ~ 0.35 [27], the numerically calculated deformation at this Poisson ratio is used for the
remainder of the analysis. If the PEG gel samples made in this work do deviate from v = 0.35, it will likely not be by
enough to invalidate the overall analysis, leading only to slight systematic error in the estimation of deformation and
contact force.

The cross sectional area of the simulated microgel is seen in the inset of Fig.[5.9c. Unlike the contact area, the
cross sectional area is not as easily predicted by simple single surface contact mechanics. It can however easily be
deduced to be bounded by ng < Ag < w?, as when unconfined it will simply be the cross section of an undeformed

microgel, and on the other end is bounded by the confining microchannel. The simulated cross sectional area was

fit to the microgel confinement such that,

2
Ags = w? (—1.55 (Z) +4.24 (Z) - 1.91) , (5.14)

with a coefficient of determination of R > 0.99. One prediction from this fit is that beyond d/w = 1.33, the mi-
crochannel is expected to be entirely clogged, i.e. A, = w?. Beyond this confinement, the cross sectional area
must be assumed to be A., = w?. This effectively limits the range where modeling flow around the microgel sepa-
rately from the lubricating layer, as at d/w > 1.33 the gutters through which flow can pass outside of the lubricating

contact region are negligible.

5.4.2 Contact Force on a Confined Microgel

As the microgel becomes more confined and the contact area grows, so does the contact pressure, and therefore
so does the force acting on the microgel from the microchannel. Returning to the contact of a sphere and a flat

surface, Hertzian contact mechanics predicts that the force grows with the displacement, (d — w)/2 as
1
Fy perty = 5 Bd"/? (d — w)*?. (5.15)

To account for the confinement however, a correction factor based on the confinement is added such that F,, =

CyFy mertz- This correction factor is empirically fit as a power law of the confinement such that

4
Cp =12 (i) (5.16)

with a fit of R? > 0.99. The choice of power law was made purely to simplify analysis.
To summarize, in order to the motion of and fluid flow around a confined microgel, it is necessary to understand

the deformation of the microgel independent of fluid forces, due to the confinement itself. Specifically, this simulation
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Figure 5.10: The forces on a microgel during steady state transit through a test channel. At steady state, the
frictional Fy and pressure driven F), forces are balanced. The compressive forces due to confinement and fluid
pressure, F,, are balanced with themselves. The direction of fluid flow and microgel motion are indicated. The
lubrication layer is approximated by the height ¢. Due to the approximately square geometry of the microchannel,
the force balance is the same from the top and side of the microgel.

was used to measure the contact area between the microgel and microchannel, A, the cross sectional area
of the microgel in the direction of the microchannel, A, and the contact force of the microgel pressing on the
microchannel, F,. In the case of A.; and F;,, the simulation results were compared with those predicted by Hertzian
contact mechanics, and an empirical prefactor was included. These prefactors were fit to a power law to simplify

analysis later in this study.

5.5 Forces Balance of a Confined Microgel

A free body diagram of the microgel in the test channel, see Fig.[5.10} identifies three main forces acting upon the
microgel: force due to pressure, F),, a frictional force counter the direction of pressure, F, and the normal contact
forces between the microgel and its container, F,,. As the microgel is moving at a steady state (see Fig.[5.5p), it can
be assumed that these forces are in equilibrium, i.e. Fy = F},. In both perpendicular directions to the motion of the

microgel, the normal force is equated with itself.

5.5.1 Pressure Force

In the case of force moving the microgel, it is reasonable to assume that pressure is the only factor at play for a
number of reasons. First, the microgel is moving at roughly the same speed as the the mean fluid velocity. Given
that d/w > 0.8, the mean velocity of the streamlines which intersect with the microgel must also be nearly that of the
overall mean flow rate. Secondly, the flow in the microchannel is laminar, Re < 45. While this is outside the regime
of Stokes flow, it is still distinctly laminar, and as such turbulent effects are not expected to have any influence on

the experiment. Finally, as the microgel is small and moving horizontally, there are no gravitational effects on the
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microgels motion. With all of this in mind, the force due to pressure can be approximated by
Fp = AgsPgel, (5.17)

where A is the cross sectional area of the microgel in the microchannel. The specific size of this area will depend

upon the microgel geometry within the confinement.

5.5.2 Normal Force

The normal force acting upon the microgel comes from two sources. The first is the constriction of the microgel
by the channel. As the microgel is considerably softer than the microchannel (For PDMS E* ~ 1 — 10 MPa
[89, 95]), deformation due to contact is expected to be almost entirely localized in the microgel. For small two sided
sandwiching contact, the normal force is expected to scale as F, e, x E*d'/?(d —w)?/? per conventional Hertzian
contact mechanics [14]. In case of these experiments however, there is contact on four sides of the microgel,
which will change the the distribution and magnitude of force. This is corrected using the simulation of dry contact

performed above, combining Egs.|5.18|and such that

4
F, = CpFa gertz = 0.3 (i) E*d"?(d — w)®/? (5.18)

The second component of the normal force acting on the microgel comes from the fluid phase. Both the pres-
sure drop across the microgel, and the ambient pressure will deform the microgel within the microchannel. The

magnitude of this component of the normal force is expected to be much smaller than the normal force due to dry

Pgel

contact. The first reason for this is because in almost all experiments £

< 0.1, resulting in only minor deformation
of the microgel. Secondly, evidence of deformation on the scale of contact deformation would be visible on the
micrographs, showing a gap between the microgel and microchannel, which is not visible for the confined microgels
tested.

The pressure is not distributed evenly around the microgel. In addition to the pressure drop occurring across the
body of the microgel, the motion of the microgel will also affect the pressure, especially where the microgel surface
is close to the channel wall. Simplifying flow to the Stokes Regime (although the same holds true for intermediary
laminar regimes as well), the local pressure gradient is solved using Eq. such that dP/dz ~ d*u/dx?. Assuming
now slip flow however, where the microgle and channel approach, the velocity difference remains constant Au =
ugel, While the space between the microgel and microchannel Az approaches 0. This in turn means that the pressure
in this region approaches infinite on front side of the microgel and decreases equally at the rear, which is obviously
non-physical. To remedy this, a lubricating fluid of thickness ¢ occurs, as shown in Fig. This lubricating layer

balances the pressure within the fluid with the deformation of the microgel away from the wall. Meanwhile, because
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this thickness is small, at least too small to measure using this experiments micrographs (¢t < 2 um), the normal

force applied to the microgel is expected to only increase slightly from that of dry contact.

5.5.3 Friction Force

This lubricating layer is also the primary source of friction. Noting that shear stress is defined as o = pou/ox,
the greatest shear stress acting on the microgel will be localized at the lubricating region. As the microgel is
moving at a uge ~ uguid, ON Most of the surface of the microgel o will be small. The exception is in the vicinity
of where the microgel nearly contacts the microchannel. In this region, because the fluid thickness is small, the
lubrication approximation can be applied. In this case, 0u/0x ~ uge/t. With this in mind, the frictional force can be

approximated by
Fy z4/ adA:4/ Hlgel g (5.19)
Act Act t

where A, is the area of contact between the microgel and microchannel, noting that there is contact on four sides

of the microgel.

5.5.4 Analysis of Gutter and Lubrication Domains

Having identified the forces at play on the microgel, we can relate the pressure to the microgel velocity by Fy = F),

such that
4Muge1Act

PgelAcs = 7 )

(5.20)

noting that ¢ is a surface averaged lubricating thickness such that ¢! = fACt 1dA this is intended to account for any
variation in the thickness, be it from roughness or changes in pressure. This relates the microgel velocity to the
pressure drop across the microgel, however the fluid-structure interaction giving rise to the lubricating thickness re-
mains unexplained. Additionally, while this does link Py t0 uge1, the resistance of the microgel is not fully explained,
as Rgel = Py /(Q — AQ). Therefore, and additional model between the flow rate, or equivalently ug,;q needs to be

established with P, and wg.

One strategy for modeling this scenario is to separate the problem into two domains. First, P, is related to
ugel Dy investigating the frictional effects in the lubricating regions of the microgel, bounded by A... Noting that the
volume bounded by A.; x t is expected to be small, and that fluid velocity in the lubrication regime will have a mean
velocity of Jug, the flow in this region can be assumed to only minimally effect the overall flow around the microgel,
except by changing ug. and P,.. Therefore, for the fluid domain outside of the lubricating regime, the overall flow

can be reconstructed in reverse, by combining the effects of u,. and Py to arrive at a mean fluid velocity, uayid.
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5.6 Flow Through Microgel Gutters

An additional use of the deformed microgels found by simulation is having a complete three dimensional CAD model
of the confined microgel body. Exporting the CAD models to fluid simulation, it is possible to evaluate the flow around
the deformed microgels. Flow streamlines around a sample microgel can be seen in Fig. [5.1Ta. The microgel in
question is moving at a velocity of uge = 0.1 pm/s, with a pressure drop of P, = 100 Pa, which is within the range
of experimental velocities and pressures. This is essentially looking at the problem in reverse, by establishing the
fluid flow rate as a function of the microgel pressure drop and velocity, instead of the flow rate causing the pressure

and microgel velocity.

The pressure and velocity of the microgel both influence the flow velocity. In order to analyse this link, it is nec-
essary to separate the problem into its pressure driven part, and it's velocity driven part. Then, having analyzed the
relationship between P, and uquiqa, and uge and uguia independently, the two can be recombined using superposi-
tion. This is reminiscent of analysis of Couette-Poiseuille flow, although strictly speaking the velocity induced flow
from the microgel is not Couette flow, as flow is not simply induced from shear between the microgel and fluid. The

superposition is illustrated in Fig.[5.11ja.

The assumption of superposition was validated by measuring the simulated flux at the channel outlet for flow
induced by both P, and ug, and comparing it with Poiseuille flow, and Couette-like flow. The results of that
analysis are that Quim(Peel = 100 Pa, uge = 10 mm/s) = 3.2« 1071 m3/s, while the Poiseuille flow case resulted
iN Qsim (Peet = 100 Pa, uge = 0) = 1.1 % 107! m3/s, and the Couette-like flow resulted in Quim(Peel = 0, Ugel =
10 mm/s) = 2.1 x 107'* m?®/s. When comparing the scenarios, the superposition is validated as Qsim(Peet =

100 Pa, uger = 10 mm/s) & Qsim(Pael = 0, Ugel = 10 mm/s) + Qgim (Peel = 0, Uge = 10 mm/s) = 2.1 % 107 m3/s.

The relative influences of Pye and uger ON uguia = Qsim/w? can be seen in Fig. . with respect to degree
of confinement. Because ug.uia is expected to scale differently for pressure driven and velocity driven flow, it is
normalized differently for the two cases. In the case of velocity driven flow, the reference velocity is simply the

microgel velocity, ug = uge. In the case of pressure driven flow, the flow rate is expected to follow the Poiseuille

equation, scaling linearly with the pressure drop imposed, therefore the reference velocity is set at ug = 1%32. The

reference resistance is simply the resistance of an empty microchannel, Ry = 28225,

While the influence of P,.; on ug,iq decreases with increasing d/w, the influence of u,. increases, see Fig. .
In both cases, the trends also taper off as d/w approaches 1.3, at which point . is almost entirely responsible for
uauia- Recalling that for d/w = 1.33, the microchannel is expected to be completely obstructed, this bounding case
is to be expected. Beyond this point, there is no space for flow to pass around the microgel, excepting flow through
the pores of the microgel which are neglected here, meaning that R,.; — co. Meanwhile, a simple mass balance

shows that uguia = ugel, Which is what is shown as d/w — 1.3.
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Figure 5.11: (a) A sample superposition of Poiseuille flow and Piston-Couette flow around a deformed microgel.
The microgel in question corresponds with d/w = 1.08, v = 0.35. (b) The relative mean fluid velocity as a function
of microgel confinement for Poiseuille and piston-Couette flow. The reference velocity, u, is the microgel velocity for
piston/Couette flow and the mean velocity in an empty microchannel for Poiseuille flow. (c) The simulated relative
resistance, Rge10/Ro, compared with the minimal relative fluid cross sectional area, 1 — A.s/w?. The reference
resistance is that of an empty microchannel, Ry = 28%2¢:. The dashed line represents the scaling law predicted
by integrating the resistance over an approximation of the microgel body. The solid line represents the best fit
described in the text. (d) The mean fluid velocity relative to the microgel velocity, uguia/u,ge With the occlusion of
the the microchannel by the microgel, Acs/w?. The solid line represents the best fit described in the text.
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5.6.1 Pressure Driven Flow

In the case of pressure driven flow across the microgel, we suppose that resistance from the microgel obstruction
is geometric. For Poiseuille flow through a tube-like geometry, where the cross section changes gradually, the

resistance can be described by
pno(z)dz

R~ / e (5.21)

where the shape factor « in this case is unique to the shape of the outlet [26]. The solution to Eq. in the gutter

Rso and end caps of the deformed microgel, Rqome €an be found in Appendix A. The sections of the microgel occur
in series.

The minimal cross sectional area through which flow can pass in these experiments is given by w? — A, and the
resistance to flow around a deformed microgel is plotted alongside it in Fig. 5.17c. The simulated resistance was
calculated by measuring the outlet flow, and comparing it with pressure, such that Ryeio = (P — 0)/Qsim- Fitting to

a power law, the simulated resistance scales with respect to this empty cross sectional area as

Rgcl.O Acs -ho
—— =36(1- .22
w0 se(1-05) 522

with a coefficient of determination of R? = 0.98, see fig. This can be compared with the theoretical results
described in Eq.[A.7] where the minimal theoretical cross sectional area is given by 1—Acs/w? = (1—7/4)(1—a/w)>.
Fig. @ shows the predicted R4e1 to be underestimated compared with the simulation results, particularly at
small A, i.e. minimal constrictions. In general both the simulation and best fit are in agreement with the resistance
predicted by EqJA.7] Where discrepencies do exist, it is likely due more to the approximations used to calculate the

theoretical friction, i.e. simplifying the microgel geometry.

5.6.2 Boundary Velocity Driven Flow

Neglecting the effects of Poiseuille flow, the effect of microgel velocity on fluid velocity can be studied in isolation.
In effect, the microgel is a combination of pushing flow forward, what | call here piston flow, and Couette flow which
occurs in the space between the microgel and the microchannel walls. The piston flow is simply the displaced fluid
from the microgel volume, i.e.

Qpiston = ugelAcs~ (523)

As mentioned above, this implies that in the extreme case where A., = w?, a simple mass balance necessitates
that uguia = ugel. Conversely, if the particle were negligibly small, the impact of its cross section on flow would also

be negligible, and the particle would behave like a streamline tracer.

Meanwhile, Couette flow occurs in the gutters around the microgel, where shear from the microgel surface pulls
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fluid along. In the case of Couette flow, the flow can be found by solving the Stokes equation over the domain of
the gutter around the microgel at its minimal cross section. While the exact solution to this is beyond the scope of
this work, it is possible to estimate the scaling of this Couette flow. Using the same assumption as in the analysis of
Poiseuille flow, that the corner takes the shape of A (d = w) = w? — A.s. Couette flow through a scaled geometry
will scale with respect to the moving surface velocity, such that u(z,y) o uge. Furthermore, the total flow rate

through this section can be expected to scale linearly with the A s, (d = w), such that
Qpiston = pistonugel(w2 - ACS)7 (524)

where Chiston iS COnstant relating to the solution of Couette flow through A.s,. This solution is achieved where the
curved boundary of A. (corresponding to the microgel) is in motion, and the flat surfaces (corresponding to the
microchannel) are static.

Combining the Couette and Piston flow from Egs. and we have a description of the Couette/Piston
flow such that

Acs
— Upiston + (1 - Cpiston)?- (525)

Ufluid

Ugel
The mean fluid velocity is compared with the simulated microgel cross sectional area in Fig.[5.11d. Here a linear

relationship between the obstructive area and flow velocity is established, such that

uid Acs
Hid _ 9,82 4 0.2, (5.26)

Ugel w

with a coefficient of determination of R? > 0/99. This is in good agreement with the theory described in Eq. [5.25]

which predicts a linear relationship between ug,;q and Ag. It also effectively numerically solves for Ccouette = 0.2.

5.6.3 Superposition of Flow

In both the Poiseuille flow case, and the piston/Couette flow, the flow rates are found to be functions of A.s. By
imposing laminar flow superposition, it is possible to estimate the combined effect of these two flow regimes on the
flow around the moving microgel. By combining Egs. and [5.26] noting that Q = P/R and uguia = Q/w?, the

mean flow past the microgel is estimated by

Acs Pel
2 ) + . Aoe —1.6
w2’ 3.6w2Ry (1 - A5)

w2

Ufuid = UPoiseuille T~ Upiston = Ugel(0-2 +0.8 (5.27)

The predicted and experimental uguiq are plotted against one another in Fig. The model and data are in

good agreement with R? = 0.91, which is notable given the several orders of magnitude the data spans. The trend
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Figure 5.12: A comparison of the fluid flow predicted by superposition of the Poisueille flow past a static microgel
and the piston/Couette flow from a moving microgel, with the experimental fluid flow rate. A unity line is provided for
reference.

shown in Fig. holds for data beyond d/w = 1.33 as well. Recalling again Fig. beyond this point the range
of uge1/uawia @pproach unity, with the general decreasing trend with respect to d/w tapering off.

There is a slight under prediction of the data shown in Fig. The model constructed to predict fluid flow here
only considers flow through the gutters, and neglects any flow through the lubrication domain. This unaccounted
for flow may represent fluid passing through the lubricating domain rather than the microgel gutters. The good
agreement between data and the model however does validate the assumption that flow through the lubricating
region is small compared with the total flow.

Using a combination of modeling and fluid simulations, in this part of the chapter, | have been able to link
the pressure and velocity of the a moving microgel with the fluid flow around it. This was done by employing
superposition of the Poiseuille flow around a static microgel, with the Couette-piston flow induced by the microgel
motion. This model has been compared with experimental data and found a good fit. The question remains however,
what relates the pressure drop across the microgel with the microgel velocity? Put in other words: what is the effect

of lubricating friction on the motion of the microgel?

5.7 Flow in the Lubricating Layer

In order to describe the pressure drop across the microgel, P, with the velocity of the microgel, ., it is necessary
to return to the lubrication region of flow. This region is approximated by the area of dry contact between the microgel
and the microchannel, A, with a local thickness of ¢. Using the force balance illustrated previously in Fig.[5.10} and
noting that the microgel is moving at a steady state, it can be assumed that the pressure and friction forces are in

equilibrium: Fy = F,. Using this equilibrium, and recalling the calculations of F;, and F; from Eq. and
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respectively, the link between Pq, uz. and t is made explicit by Eq. It follows therefore that in order to fully
describe the motion and pressure of a microgel, it is necessary to understand the friction force of the microgel, and

how that changes with respect to ug.

5.7.1 Friction and Lubrication

The experimental friction on acting on the microgel can be seen plotted against the confinement force and a viscous
velocity parameter, iuge in Fig.[5.13R. It is worth pointing out that because F,,(d < w) = 0, data for unconfined
microgels is omitted here. The friction force increases both with respect to F,, and also with respect to pugel.
With respect to F,,, the increase in friction is reminiscent of dry linear friction, however when controlling for puge,
the scaling is nonlinear. Accounting for pug.1, and approximate fit of friction gives Fy ~ F,?UQ. The factor pruge
is compared as it is proportional to the shear stress between the microgel and microchannel. It follows that the
frictional force increases with the shear factor, as in simple Reynolds lubrication, F; ~ pAu = puge. Of the other
hypothesized components of F; from Eq. influence of A.; is not shown here. Both A.; and F,, are functions of
d/w, see Egs. and indicating the effects of A.; will be made redundant by the inclusion of F,.

The component of friction not accounted for in Fig. is the thickness of the lubricating layer, ¢. This is
compared naively with the size and velocity of the moving microgel in Fig. [5.13b. Below confinement, d < w, the
lubricating thickness can be inferred to scale with the minimal distance between the microgel and microchannel,
ie. t= %(w — d). When confined, the thickness of this lubricating layer is generally considerably smaller than the
microchannel, ¢ < 4 um, with most data being one to two order smaller smaller. Some values exceed the limit ¢ =
2 pm for visibility under the microscope, however this is simply a mean value, meaning the actual detachment from
the wall may appear as merely a decrease in A, and even at ¢ = 4 um visible detachment between microgel and
microchannel will be difficult to identify from the present micrographs. Additionally, the magnitude of the measured
lubricating thicknesses are in agreement with similar experiments performed by Khan et al. [96], which shows the
estimated lubrication thickness for a channel of width w ~ 10 um to be 0.1 ym < ¢ < 1 um for microgels compressed
atl <d/w < 1.1

Fig.[5.13p shows that with the exception of unconfined microgels, there is no obvious correlation between ¢ and d.
This is contrary to experiments performed in Khan et al. [96], which showed an exponential decrease in lubricating
thickness with respect to d/w. This may reflect the experimental setup taken, as in those experiments, P, was
kept constant, varying u,.1, while here both variables change along with confinement. In Fig. the lubrication
thickness does have a weak trend of increasing with increasing microgel velocity, which is here independent of
confinement.

The friction due to the microgel, F is shown to be dependant upon both the normal contacting force F;, and the

viscous velocity, pug.1. Meanwhile, using the same methodology, there seems to be only a weak correlation between
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Figure 5.13: (a) A comparison of the steady state frictional force, F; = F}, acting on the microgel with the compres-
sive force, F), and the viscous velocity, p1ue.1. A free body diagram of the microgel is provided as an inset. (b) The
mean lubricating thickness, ¢ as a function of microgel diameter, d and velocity uge.
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Figure 5.14: (a) A typical solution for pressure and film thickness for an elastohydrodynamic lubricating contact.
Adapted from Zargari et al. [181] (b) A diagram of elastohydrodynamic lubrication regimes depending on the pa-
rameters G, = W*/3 /14> and G, = GW3 /U4?. The regions are divided into the piezo viscous rigid (PR), piezo viscous
Elastic (PE), isoviscous rigid (IR) and isoviscous elastic (IE) regions. Adapted from Esfahanian et al. [58] (c) A
diagram of the microgel (blue) separation from the wall (grey, hatched) due to the lubricating layer of height . The
local deformation t is illustrated as well, relative to the undeformed microgel outline in red. The profile of ¢ is a
rough estimation of a typical EHL. (d) A diagram of a half section of the microgel with the lubrication region, A
highlighted. This region corresponds with the area of the mcirogel in contact with the microchannel in the absense
of any lubricating fluid.

the mean lubrication thickness, ¢ and microgel velocity. In order to explain these correlations, it is necessary to dive

deeper, and examine the fluid structure interactions associated with the lubrication of a deformable material.

5.7.2 Conventional Soft Lubrication Modeling

Because the lubricating layer between the microgel and microchannel is thin, the lubricating film can be considered
entirely in the Stokes regime, as Re:%ﬁp < 1. Additionally, the fluids used in this experiment are expected to
behave in a Newtonian manner and remain incompressible. Finally, the microgel is moving at a steady state. With

that in mind, Eq.[6.5]can be simplified to the steady state Reynolds lubrication equation:

9 (40PN 0 (,0P\ ot
% <t %) -+ & < %) = G(Ugel +uwall)£ (528)
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where ug is in the direction of Z, and in the case of this experiment u..; = 0. The directions & and i are inter-
changeabile, i.e. there is symmetry between the four lubricating films. The full derivation of the Reynolds lubrication

equation was done by Reynolds in 1886 can be found elsewhere [155, 77, [142].

One of the implications of Eq.[5.28]is a the variation in pressure throughout the lubricating film depending on .
Furthermore, a simple force balance establishes that the pressure within the lubricating layer must be sufficient to
push the bead from the microchannel. In the case of a constricted microgel, the fluid pressure must therefore be
sufficient to deform the microgel further than contact mechanics. Assuming Hertzian contact between the microgel

and the microchannel, the lubricating layer must also satisfy

27 P
"z,2) = da'dz 5.29
e =g | [ e (5.29)

where z’ and 2’ span the domain of A..[14, 138, [76]. The actual lubrication thickness must account for the local
deformation of the microgel due to confinement, ¢y(z, z), see Fig. . This distance corresponds to the approach
and curvature of the microgel, where at the centre of contact t¢(0,0) = %(d — w), see Fig. for coordinates.
Combining this with Eq. the lubricating thickness becomes

t(z,2) =t'(z,2) —to(z, 2). (5.30)

Finally, as a necessary boundary condition, the total normal force between the microgel and microchannel must be

equal to the integral of pressure over the entire lubricating domain, such that
E, = / PdA, (5.31)
At

noting that this force will necessarily be greater than the unlubricated contact force, although due to the small size
of ¢, the magnitude of the value will only be slightly increased, as F,, o (d/2 — w/2 + t)*/2.

The system of equations described in Egs. represent a two dimensional partial differential system,
and cannot be readily solved by hand, instead requiring numerical methods. One of the earliest numerical attempts
to solve the elasto-hydrodynamic lubrication (EHL) equations (Egs. in two dimensions was performed
by Hamrock and Dowson in 1976 [76]. In agreement with experimental data, they found that a profile where the
lubricating thickness slowly decreased before suddenly decreasing right before the edge of the domain bounded by
A.:. Atypical EHL solution for ¢t and P along a contact centre-line is shown in Fig. [181].

Hamrock and Dowson described the ¢ at several points over the lubrication domain [76] [77], notably the central

and minimal contact thickness, as well as the friction coefficient

F =F}/F,. (5.32)
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The friction coefficient and the non-dimensional lubrication thickness ,

2t
H = i (5.33)
was shown to be a function of the normalized contact force and velocity and viscosity, defined as
4F,
W= PR (5.34)
_ 2,uugel
U= ~dB (5.35)
G =pBLE” (5.36)

respectively, where 3 is the pressure-viscosity term, relating how viscosity increases under pressure. The rela-
tionship between these parameters can be simplified by considering the lubrication regime, which describes what

parameters will be significant in describing the lubricating film.

The specific lubrication regime can be further inferred from

WS/S

6. =V (5.37)
and
3
G, = QZZ , (5.38)

Using literature estimates for 3 for water a glycerol (3 = 0.75 GPa~! and 5 = 2 GPa~! respectively [161]), the
lubrication domain is determined by plotting G. and G, over a phase diagram, such as in Fig. [76l 58, 123].
While the data covers several orders of magnitude of G. and G, all values are in the isoviscous regime, with most
falling within the isoviscous elastic regime. The isoviscous regime refers to the where fluid viscosity is unchanged
by the pressure of the lubricating domain, as opposed to piezoviscous, where changes in p become relevant to the

lubrication. In effect, this allows the analysis going forward to neglect the effects of G.

Several numerical and experimental studies have been performed to model the lubrication in the isoviscous
elastic regime, sometimes called soft EHL, with a brief summary listed in Tab. Because the lubrication is in
the isoviscous elastic domain, EHL theory dictates that the friction and lubrication should be able to be described
as functions of W and U. In recent years, particular interest in soft EHL has increase, slightly modifying the older
elastic isoviscous EHL models to account for particularly soft materials, such as hydrogels [123][145]. Many of these
use a similar methodology to Hamrock and Dowson [76], describing the various points of interest on the lubricating
domain, or the total friction from lubrication. In general however, there is a tendency to increase lubricating thickness

with increasing velocity, as well as decreasing thickness with increasing contact force. In general these empirical
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Source Conditions Correlation

Hamrock Elastic isoviscous contact, solved numerically and fitted 0.65 , p, \—0.21

and Dowson imentall alexc o (F2) " (@257)

[76] experimentally.

Nijenbanning | A multi-level solution of point contact for viscous elastic | , pu \06 . g —0.13

et al. [131] contact. dleentre o< () " (723

Marx et al. | Soft isoviscous sliding contact of polyurethane and | , o \055 1 ., \—0.07

[123] polymethy-methacrylate on a hard inferometry surface. lexit o () (%)
Numerical model of soft EHL, noting side and rear exit w 0.6 , @ —0.13

Hooke [82] regimes. §|8Xit X (dMT) (d%%*)

S:gowsg,:up_ Friction of hard on soft, soft on soft or soft on hard sliding | (Mu d)0'55

kiewicz [145] | SPhere- B\

De Vicente - . : F; w071, \—0.76

ot al. [44] Friction of a soft rolling sphere on a moving plate. Ff x SRR (d%*) (dQE*)

Cartas- . . P 5 035

Ayala [28] Cells passing through a square microchannel I (,Jd)

{g;;?n et al. Passage of microgels and cells through a square channel. % e (%)ZC

Table 5.2: A summary of some models of soft EHL between a spherical particle and flat surface. Models predict
both friction and lubrication layer thickness.

equations take the form of

H = CrUCv W, (5.39)

and

F = CpUCvEwWewr, (5.40)

In the absence of numerical solutions of friction, the fitting of parameters for 7 and H can still illustrate the governing

physics in the lubrication between the microgel and microchannel.

5.7.3 Lubrication, Velocity and Contact Force

Considering that the microgels are moving in the elastic isoviscous EHL regime, the lubricating thickness and thus
friction are expected to be functions of W and U/. The normalized lubrication thickness # is plotted against VW and
U in Fig.[5.15R. The trends in lubricating thickness here become much clearer, compared with Fig. [5.13p, showing
‘H increasing both with &/ and W.

The friction coefficient, 7, is plotted against the velocity and compression coefficients in Fig.[5.15b. The trends
shown in Fig. hold here also, showing that F increase with U/, while decreasing with W. The relationship also
suggests that the effects of compression and velocity can be treated independently, such that 7 = f(U)g(W), as
the changes in F with respect to &4 and W hold independently. This greatly simplifies empirical analysis, allowing

for a linear fit of data to be performed.
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Figure 5.15: (a) Friction coefficient presented as a function of the nondimentionalized velocity and compression. (b)
Lubricating thickness coefficient presented as a function of the nondimentionalized velocity and compression.
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Figure 5.16: (a) A best fit of the friction coefficient with the normalized velocity and constriction. This is also
compared with the microgel confinement. Data has a coefficient of determination. A reference line is provided to
aid comparing the fit of the data. (b) A best fit of the lubrication layer thickness with the normalized velocity and
constriction. This is also compared with the normalized mean pressure. Data has a coefficient of determination. A
reference line is provided to aid comparing the fit of the data.

5.7.4 Empirical Models of Friction and Lubrication

Applying the same empirical methods to model friction as found in literature, a best fit model for friction was found
where

F =17.6U%0W08, (5.41)

with a coefficient of determination of R? = 0.92. This prediction can be seen compared with the experimental values
in Fig.[5.16. The empirical fit is in very good agreement with the experimental data, and is unaffected by the degree
of confinement.

Unlike most other models of EHL lubrication, Cartas-Ayala measured the frictional coefficient of cellular bodies

traveling in a microchannel, meaning the moving body was confined on all sides [28]. In this study, the data was
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fit to a prediction which can be rewritten as F (%)0'65. This is in good agreement with the fit proposed here.
Limiting the fit to the form F o (%)CUW, Eq. can be rewritten as F (%)0'7, which is within the bounds
of uncertainty of the model predicted by Cartas-Ayala. While validating the experimental fit performed here, it also

further highlights the effect that confinement in a square microchannel has on the soft EHL.

Performing the same empirical fitting on the lubrication thickness, the mean lubrication thickness scales as
F = 121503 (5.42)

with a coefficient of determination of R? = 0.58. This is illustrated in Fig. |5.16b. The quality of this fit is not as
strong as that of friction, with an data often deviating from the prediction by a factor of ten. Additionally the degree

of confinement has a no clear impact on the fit.

Comparing Eq. with literature, Marx et al. developed a model of lubrication thickness specifically with
soft EHL in mind. The prediction has lubrication thickness scaling as H = 2.7U%*5W~%%7, In both cases Cy =
0.53 £+ 0.05, however there is a much greater difference in Cy,. The value of Cy being positive in Eq. is
especially challenging to interpret. Effectively, the greater the contact force between the microgel and microchannel,
the greater the lubrication thickness, as W « F;,. Recalling Eq. this also indicates that the lubricating thickness
increases in size with increasing confinement. The most significant difference between the experiments in Marx,

and most of the EHL models presented in Tab. is the confinement of the microgel.

While confinement is unaccounted for in Eq.[5.42] the data in Fig. show no correlation between d/w and H.
This effectively rules out any significant effects of the eccentricity of A, as well as other purely geometric factors,
as the dry deformation of the microgel is entirely a function of d/w in these experiments. Several studies have
also identified surface roughness as a factor in the effective lubrication thickness [93| [145] 167, [116], however this is
also unlikely to be the case here. In these experiments, the same microfluidic mold was used to create the PDMS
comparators, meaning that there should be no systematic influence of surface roughness. The pressure distribution

around the microgel however is different and unaccounted for by the confinement, &/ and W.

5.8 Lubrication Film and Pressure

5.8.1 Film Thickness and Pressure

While pressure is generally small enough to not noticeably deform the microgel, at scale of the lubrication film,
these small changes in dimension may be more significant. In general, P,/ E* ~ 10~* — 10, putting the pressure

nearly on the scale of the elasticity of the microgel. Furthermore, the pressure is not constant in the fluid around the
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Figure 5.17: The lubrication layer thickness compared with the predicted thickness, including a contact force term,
a velocity term and a mean pressure term.

microgel, instead decreasing gradually by Py.1. To account for this,

Pel
p=8
2FE*

(5.43)

which reflects the mean pressure at the borders of the lubrication domain.
The new empirical fit of the lubrication thickness is developed using the same methodology as for Eq. [5.42|such
that
H = 1.6UuW*5p~0? (5.44)

with a coefficient of determination of R? = 0.91. This correlation is compared with the data in Fig. This is
a considerable improvement over the prediction made in Eq. [5.42] by accounting for the hydrodynamic effects of
confinement on the lubrication. The figure does indicate that there is some further effect of confinement upon the

lubrication thickness, however this effect is minor.

5.8.2 Mass Balance in the Lubricating Layer

The correlation in Eq. still predicts that the lubricating thickness increases with the confining force on the gel,
which is counter-intuitive. This is further complicated by the negative correlation with respect to pressure drop
across the microgel. Looking at the lubrication layer in isolation, there is no easy way to explain this phenomena.
Increasing W means there is more force to overcome to push the microgel away from the channel wall. Meanwhile,
decreasing P means at the start of the lubricating layer will have less pressure to push the microgel away from the
wall. Furthermore, the trend of # increasing with W is not seen in any elastohydrodynamic lubrication models for

single contact lubrication, see Tab.[5.2]
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Figure 5.18: (a) A diagram of a confined microgel, highlighting the lubrication domain (yellow) and the gutters
(violet) around the microgel. The in question microgel is cut perpendicular to the channel at its midpoint. (b) A
comparison of the flow through the lubricating film, represented by (uauia — uPiston — upoiseuitle ) /Ugel, COMpared with
the nondimentional contact force, YW and pressure, P.

What differentiates the lubrication of a confined microgel from flooded soft EHL lubrication is the confinement
on all sides, along with the fluid flow around the microgel. This means that there will be an uneven distribution of
pressure around the border of the lubrication domain, due to flow in the gutters. In numerical solutions of EHL where
a sphere is in contact with a flat plane, flow will exit the lubrication layer both in the direction of the moving ball, but
also out the sides of the lubricating layer [76, [123]. With flow passing through the gutters around the microgel
however, the fluid which can exit the lubrication layer into the gutters is limited, forcing more flow through the rear of
the microgel.

It follows that understanding the lubricating thickness between the microgel and microchannel means accounting
for the flow through the gutters around the microgel. Recall that the model of flow through the gutters in Eq. [5.27]
slightly underestimates the experimentally measured flow. In this case, the total flow through the microchannel was
assumed to be the result of superposition of Poiseuille flow through the gutters and a combination of Couette flow
through the gutters and displaced volume of the microgel. Now accounting for the flow through the lubricating layer,

Quube, Mass conservation dictates that flow through the microchannel should be described by

uﬂuidw2 = (uPoiseuille + uPiston)w2 + Qube- (545)

This separation of flow domains is illustrated in Fig.[5.18ga, with four gutters and four lubrication regions.
Flow in the lubricating domain can be modeled similarly to flow within the gutters around the microgel, by

Couette-Poiseuille flow, as predicted for Reynolds Lubrication, see Eq. This lubrication domain is bounded
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approximately by the dry contacting area of the microgel, A.;. This domain occupies an ellipse of radii a and b, with
a parallel to flow. For the purposes of this analysis, the domain of A.; is approximated as circular, i.e. a =~ b. Atits
widest, the lubricating domain perpendicular to flow measures 2a x t, approximating the height of the lubricating do-
main to be approximately the mean lubricating thickness, ¢ = t. The Couette flow through this region can therefore

be approximated by

Quube.c = “g‘” (2af). (5.46)

To further simplify analysis of flow through the lubricating regime, we approximate the pressure drop through the

lubrication domain by P.1. The Poiseille flow through a long, thin and wide section is expected to scale such that
Qlube,P ~ Pgelt_3- (547)

In these experiments however, ¢ is small, meaning that when adding Qiube,c With Quube.p, the contribution of the
Poiseuille flow will be minor. Therefore, we neglect the contribution of the Poiseuille flow through the lubricating

layer, such that

Quive = 4 (“£27(20)) (5.48)

Combining Egs. and[5.45] the lubricating thickness can be estimated to scale such that

~ =

Ulube UfAuid — UPiston — UPoiseuille . (549)

g | =

Ugel Ugel

The right hand side of Eq. , corresponding to the lubricating flow velocity and called ’;{T‘l for simplicity, is

compared with P = 5;61 and W = % in Fig. There is a decrease in flow through the lubricating layer as P

increases. There is however only a very weakly positive correlation between the lubricating flow velocity and W.

The relationship between wjype/uger and P shown in Fig. indicates that the lubricating thickness will also
decrease with increasing P. This trend is expected given the correlation shown in Fig.[5.77]and Eq. In effect,
as the pressure is increased more flow passes through the gutters in lieu of through the lubricating layer. The rate
of decrease however is slower than described in Eq. With upupe/uger ~ P2, The relationship between W and

Uube/Ugel NOWeVeET is too weak to say anything with respect Eq.

It is challenging to explain these discrepancies between models, however it is worth keeping in mind the whole
geometry of the lubricating layer. The scaling suggested in Eq. assumes a constant width, however the actual
area of the lubricating film is elliptical. Furthermore, this lubricating film is not actually a flat height, #, but instead

varies throughout the entire domain. This makes the scaling proposed in Eq. only a rough approximation.

Despite the approximate nature of Eq. [5.49] it does suggest an explanation for the mechanism behind the

correlation described in Eq. As pressure increases so does the Poiseuille flow through the microgel gutters.
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Meanwhile, as the lubrication layer is thin, the increase in flow due to the pressure change is minimal. In effect, the
larger pressure drop across the microgel the larger the proportion of the total flow through the microchannel passes
through the gutters of the microgel. This in turn decreases the flux through the lubricating layer, which scales with
the lubricating layer thickness.

An additional explanation which is not explored here is that as the pressure drop across the microgel increases,
the pressure boundary around the lubricating layer changes. This changes the flow path through the lubrication film
in turn, pulling fluid directly through the lubrication layer, and preventing flow out into the microgel gutters. This is
further limited by the microgel gutter cross sectional area. As this area decreases, there is even less space for fluid to
flow out of the lubricating layer and into the gutters. In effect, as confinement increases, the flow from the lubricating
layer and into the surrounding gutters becomes limited. This hypothesis however cannot be confirmed with the
current data, as flow between the lubricating layer and gutters is not considered. Instead, numerical methods are
necessary in order to determine the path of flow through the lubricating layer, by solving Egs. and thereby

the overall lubricating layer thickness.

5.9 Future Work

5.9.1 Solving the Lubrication Equations and Generalizing Confined EHL

For unconfined EHL, the far field boundary for pressure can be assumed uniform. The analysis here highlights
that this difference greatly affects the lubrication between microgel and microchannel, as confinement imposes a
pressure boundary, which changes the flow within the lubrication layer. It is worth highlighting that the factors
listed in Eq. are coupled. Recalling Fig. [5.7the normalized pressure, P can be shown to increase with d/w.
Furthermore, P, and uge are related to ug,iq and thus @ — AQ. This highlights the limitations of the uncoupled
approach to analyzing the flow around a confined moving microgel by splitting it into the fluid domain and the EHL
domain.

Numerically solving the EHL equations allows for further validation of the analysis presented here, and will
allow for testing the specific effects of pressure distribution on the lubrication domain. The specific mechanism
hypothesized here to be responsible for the decreasing lubrication thickness with increased microgel confinement
however will require accounting for the surrounding fluid domain and the coupling involved. The development of
such a numerical solution to the fluid-structure interaction of the EHL of a confined microgel is beyond the scope of
this work.

This study also did not account for either the surface roughness of microgel-microchannel contact, nor any
poroelastic behavior of the microgel. While in a scenario such as the one tested here flow will preferentially flow

around the microgel rather than through it, as the gutters around the microgel disappear flow may be forced through

139



the microgel pores, further affecting the lubrication film thickness. Surface roughness also almost certainly affects
the resistance of microgels passing through a constriction, though how this compares with the current models
simple point contact roughness [93, (145, 67, [116]. Similarly other surface effects such as hydrophobicity of the
microgel and microchannel may also play a role in the lubrication regime. Additionally, this analysis only considered
approximately square microchannels. As the aspect ratio of the microchannel increases however, both the flow

around and through the lubrication domain will be affected, leaving a further avenue for investigation.

5.9.2 Multiphasic Resistance

The experiment performed in this chapter investigated the resistance of microgels surrounded by either a water
and SDS solution, or a glycerol, water and SDS solution, i.e. the experiments performed here were biphasic. One
unexplored question however is how particles are lubricated in a multiphase flow. Emulsions have been studied with
respect to EHL in macroscopic experiments [154} (170} (186], however to the authors’ knowledge this has not been
studied in microfluidic systems. This is relevant because as this chapter has demonstrated, the lubrication thickness
is greatly affected by microfluidic confinement. The study of multiphasic lubrication in a microfluidic environment is
further differentiated from macroscopic lubrication as the size of the particle being lubricated is typically on the scale
of the droplets contained within the lubrication. At this length scale for a microgel to be lubricated by two phases,

the microgel would have to be encapsulated within a droplet, moving through an immiscible carrier phase.

One possible future direction for the research laid out in this chapter is to extend the analysis to include a second
fluid phase. Within the realm of microfluidics, droplets are often used as carriers of particles, isolating their contents
from one another. Droplet based genetic sequencing for example involves isolating single cells with large hydrogel
droplets, and transporting them to where the cells can be analyzed [187) 199, [98]. A thorough understanding of this

lubrication could allow for better optimization and design of these and similar systems.

One challenge in studying microfluidic multiphasic lubrication will be the encapsulation of microgels. The mode
of injecting microgels into the microchannel will have to be considered such that the microgel can be injected while
contained within a droplet. One possibility is to inject droplets of a fluid containing a dilute suspension of microgels.
Accounting for the added resistance of empty droplets [166, (18] [171], the resistance of lubricated microgels can
be considered in isolation. This problem would also introduce several new variables to the problem of microgel
lubrication, including the viscosity of the carrier fluid, and the surface tension between the two fluid phases, as well

as the volume of the encapsulating droplet.
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5.10 Conclusion

In this chapter | experimentally measured the resistance and velocity of microgels moving through a square mi-
crochannel, showing the resistance to increase with confinement, while the relative microgel velocity decreases
with confinement. Using solid simulations combined with Hertzian contact theory, two fluid domains were identified
around the microgel: the first, where the microgel nearly contacts the microchannel, was governed by thin film lubri-
cation, while the rest of the fluid domain behaved as a three dimensional laminar flow. Using superposition, the flow
around the microgel was modeled as a combination of Poiseuille and Couette flow, thereby linking the fluid velocity
with the microgel velocity and pressure drop across the microgel. Meanwhile, in the lubrication domain, the friction
due to lubrication was modeled by adopting empirical elastohydrodynamic lubrication modeling. While the friction
factor grows faster with respect to velocity than typical one sided lubrication, it is in good agreement with previous
studies of confined lubrication.

Comparing the mean lubrication thickness to the compression and velocity of the microgel, the lubrication thick-
ness grows with respect to the microgel velocity as well as with confinement. While this may seem surprising, |
hypothesize that this may be due to the flow through the gutters around the microgel. As the microgel becomes
more confined, flow through the gutters becomes more restricted, pushing fluid back into the lubricating domain.
This is further supported by accounting for the pressure drop affecting the lubrication thickness. Further analysis is
however necessary to establish the exact mechanism causing lubrication thickness to increase with confinement,
notably numerically solving the elastohydrodynamic lubrication equations for a confined microgel

The work done in this chapter lays the groundwork for further understanding the motion of soft bodies in microflu-
idic constrictions. Neither the porosity, nor the surface conditions were considered in this analysis, however both are
expected to have a major impact on the transport of microgels. As rectangular microchannels are commonly used
in microfluidics for tasks such as transporting cells or even microgels, understanding the resistance these particles
impose is an important design consideration. Noting the coupled relationship between flow rate, microgel velocity
and pressure drop, this work also opens up a new avenue of analysis for multi-phase flows involving microgels,
where both the microgel velocity and the pressure around the microgel will have an impact on the fluid interfaces as

well.
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Chapter 6

Conclusion and Prospects

In this thesis, | have investigated the entry of microgels into microfluidic constrictions, and how they progress through
these constrictions. The analysis presented separates the physics into two separate domains, before recombining
to create a wholistic model of the fluid structure interaction of microfluidic particle transport.

At the beginning of my thesis, the focus was on the ordered encapsulation of particles into droplets [3], 4, [37].
This process acts as an important component microfluidic droplet genetic analysis [99, 99| [187]. The triggering
of droplet encapsulation allows for droplets to form around particles at precise rates, such that each drop has a
single particle. The prevailing explanation for this phenomena is that as the particles and their droplet phase enter
into a microchannel constriction, they resist flow and cause a droplet to pinch off behind them. Early experiments
which | undertook seemed to support this theory, showing that unordered droplets would trigger encapsulation only
if the particle entered into a constriction. Otherwise, the droplet would form around the microgel undisturbed. It
became clear over the course of these experiments that it was necessary to better understand the resistance posed
by a microgel as it entered into the constriction so as to understand it's upstream effects. It also became clear that
these questions about particle passage into and through a microfluidic constriction were themselves quite profound

questions which this thesis has only begun to explore.

6.1 Making and Testing Microgels

The passage of particles through constrictions is a broad topic within microfluidics, ranging from red blood cells in
circulatory capillaries, to spherical hydrogels carrying genetic test material. In order to study the passage of elastic
bodies in general, | chose a set of hydrogel spheres of to act as model particles, due to their ease of production and
range of elastic properties. Polyethylene glycol droplets were emulsified in a microfluidic "flow focuser” emulsifier
and then photo-polymerized into solid hydrogels within the microchannel. One of the most important early steps

in this thesis was to characterize these microgels for elastic modulus and size. In general, while monodisperse
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microgel droplets were easy to manufacture, there was still a wide variation in mechanical properties, likely due
to the limitations of polymerizing microgel emulsions within a microfluidic channel. Still, due to the sensitivity to

chemical makeup, the microgels tested in this thesis had elastic moduli spanning E ~ 100 Pa to E ~ 100 kPa.

6.2 Microgel Deformation in a Constriction Trap

While passage through axisymmetric constrictions have been explored at length, the passage of particles into
rectangular constrictions is considerably more challenging to model. To investigate the penetration of particles into
a rectangular slit, | used a trap-bypass channel, where increasing pressure progressively pushed the microgel into
a narrow section of microchannel. With the aid of fluid and solid contact simulations, | developed a model based
on Hertzian contact mechanics that describes both the displacement of the microgel into the microfluidic channel,
as well as its deformation outwards during this process. Importantly, this model couples the deformation with the
flow around the trapped microgel: as the pressure increases, the microgel is forced to deform, thereby changing the
distribution of pressure.

The deformation model is in general agreement with experimental data when the microgel deformation is rela-
tively small however, at larger deformation its assumptions become violated. Furthermore, while the displacement is
in agreement with the data provided, the change in contact radius with the channel walls had considerable between
experiments. It is possible this is due to a limitation in the model provided, however the degree of uncertainty instead
points to challenges in measurement. Small variations in position of the microgel were challenging to measure using
the micrographs procured, but had a noticeable impact on this measurement. The practical test of the model was
to compare the elastic modulus with that measured by microindentation. In this case, the model was capable of
predicting the elasticity to within the degree of uncertainty of both measurement systems.

The experiment done here lays the groundwork for a novel microfluidic method of measuring particle elasticity,
which uses only a single layer microfluidic mold, and requires neither glass pipettes or precision force cantilevers.
Future work in this field will include some modifications of the microchannel before the model can be initiallized for a
wider range of particles. This is due to the sensitivity towards smaller and softer particles, and channel robustness
for stiffer particles.

These experiments also only considered steady state trapped gels. While this is important to understanding how
particles enter into non-conforming constrictions such as the one dimensional constriction used here, the model
used here has not been tested for a dynamic microgel. Investigation into the time dependent response of microgels
to changes in pressure is needed to fully understand the penetration of microgels into a microfluidic constriction.
These experiments have the added benefit of extending the practical applications of the slit trap to measure the
visco-elastic properties of the particles trapped within them. This is particularly useful, as hydrogels typically exhibit

visco-elasticity which was not tested for in these experiments.
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6.3 Valve Behavior of Trapped Microgels

The experiments measuring microgel deformation into a constriction had a coupled relationship with the flow around
the microgel. As the microgel penetrated into the constriction, it partially plugged the constriction, forcing flow to
pass through an shrinking area. In the experiments measuring trapped microgel deformation, | also observed that
this leaky flow past the microgel does not progress linearly with the applied pressure. Instead, at low pressures,
flow past the microgel increased with pressure until the microgel sufficiently plugged the constriction. At that point,
flow past the microgel decreased until the channel was fully plugged. Because the flow past the microgel was
laminar, | modeled the resistance to flow around the microgel as a Poiseuille flow, dependant upon the geometry of
the deformed microgel. Extending this model further, | then integrated the model of microgel deformation that was
previously developed, creating a new valve model of a plugging microgel.

The valve model showed a complicated relationship with the microchannel geometry, which depended upon
both microgel diameter, microchannel corner radius, and the constriction width. The model also showed that the
maximum flow rate was linearly proportional to the elastic modulus of the microgel. While the model does under-
predict the pressure at which the maximum flow rate will occur, the experimental maximum flow rate itself is in good
agreement with the model.

The trapped microgel phenomenon presented here has the potential to be implemented practically as a microflu-
idic valve. By trapping microgels in slit traps, it is possible to create a simple regulating valve that limits and regulates
flow over a wide range of pressure. This could, for example, be used in microfluidic systems where dampening the
flow rate is necessary, maintaining the downstream flow rate will remain close to the maximum flow rate. Such a
valve, however, would need to be sensitive to the rate of change of pressure upstream, which was not considered
in these experiments. This further supports the need to dynamically characterize the behavior of trapped microgels.
Even if quasi-static considerations are possible in the fluid domain around the microgels, the visco-elasticity of the
microgels may affect the dynamic response of the microgel trap valve. The steady state modeling developed in this

thesis provides a good basis for a holistic model of leaky flow around a trapped microgel.

6.4 Lubrication of a Microgel in a Square Channel

The second set of experiments in my thesis studied the motion of microgels through square constrictions. In this
case, the entry into the microchannel was neglected, looking solely at the steady state passage through the chan-
nel. Using a microfluidic comparator, | measured the added resistance of microgels as they passed through the
microchannel, as well as the velocity of the microgel. | found that the resistance of the microgel increased as the
microgel became more confined, and that the velocity decreased with confinement relative to the fluid velocity.

Noting the coupling between fluid velocity, particle velocity and resistance, and thus pressure drop across the
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microgel, | decided to model the passage of the microgel in two different domains. The first domain considered
fluid flow around the microgel, excluding where the microgel was in contact with the microchannel. This domain
considered the microgel to be rigid, deforming only as a result of the confinement of the microchannel. In this
domain, the model of fluid flow was solved as a modified Couette-Poiseuille flow, i.e. using the superposition of
pressure driven flow around the microgel, and flow from the microgel motion neglecting pressure.

In contrast, the second domain looked at where the microgel was almost in contact with the microchannel. In
this domain, | considered the fluid-structure interaction of the microgel which deforms away from the microchannel
wall to create a lubricating film. Using empirical lubrication analysis, | showed how friction increases between the
microgel and microchannel as the microgel velocity increases, as well as with increased confinement.

Building on the analysis of lubricating friction, | also measured the mean thickness of the lubricating layer. Like
the friction coefficient, the lubrication thickness increased with respect to microgel velocity. Curiously, the lubricating
thickness also increased as the microgel became more confined. Conversely, when the pressure drop across the
microgel increased, lubrication thickness was also found to decrease. | hypothesize that this is due to the pressure
distribution within the microchannel. As the microgel becomes more confined, resistance to flow passing around the
microgel increases, at which point more fluid is forced into the lubricating layer, thereby increasing the thickness.
This effect is mitigated however if the pressure drop across the microgel is small, thereby pushing less fluid into the
lubricating layer.

While some simple scaling arguments can be used to help explain the hypothesis of the behavior of the lubricat-
ing layer, the lubrication equation coupled with Hertzian solid mechanics leads to a complicated set of differential
equations. Due to their complexity, these equations must be solved numerically, which was beyond the scope of this
thesis. To fully understand why the lubricating layer grows with respect to increased microgel confinement, solutions

to these equations will likely be necessary, as direct measurement of the lubrication layer is challenging.

6.5 Concluding Remarks

These experiments lay the groundwork for understanding droplet triggering in multiphasic flows. The experiments
presented here can also be extended to better understand not only the transport of microgels, but also the effect
this has on droplet flow. Understanding the dynamic entry of a microgel into a microfluidic constriction will help
develop a more profound model of how the penetration affects flow upstream. This will in turn give evidence to the
mechanism involved in droplet triggering. The inclusion of a droplet phase in the measurement of the lubrication of
confined microgels would also help to better understand droplet formation, as the investigation into how specifically
the droplet and carrier phase behave in steady state will improve the analysis.

Finally, microfluidic constrictions have demonstrated themselves as a both simple, cheap and adaptable method

of testing particle and cellular properties. The experiments and models presented in this thesis have extended the
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understanding of this simple technology one step further. Furthermore, the models proposed here provide a strong

basis for work ranging from lab-on-a-chip cell sorting to improved rapid genetic testing technologies.
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Appendix A

Theoretical Flow Around a Microgel

In the case of pressure driven flow across the microgel, we suppose that resistance from the microgel obstruction
is geometric. For Poiseuille flow through a tube-like geometry, where the cross section changes gradually, the

resistance can be described by
po(z)dz

R~
Zeh Acso(2)? ’

(A1)

where the shape factor « in this case is unique to the shape of the outlet [26]. As resistance is dominated by
regions of minimal cross sectional area, the majority of resistance can be assumed to be localized in the gutters
around the microgel, highlighted in the inset of Fig.[A.7a. In this area, the cross section perpendicular to flow can
be approximated by a square corner bounded by a quarter circle, such that the area is described by A (2) =
(1 — 7/4)weso(2)?, Where wes, is the width of the corner. Noting that the volume highlighted in the figure inset is
bounded by the region of A, this contact area can be approximated by an ellipse with major and minor radii of a
and b respectively. To simplify analysis here, let a = b, such that the contact area is a circle. Letting z = 0 correspond

with the centre of the contact ellipse, the width of the cross sectional area can be described as wes, = w — Va2 — 22

2
Aeol2) = (1 = Tyu? (1 (1)2(;)2>. (A2)

With this in mind, Eq.[A.7]can be rewritten as

such that

po [ dz
Rgel,cso ~ m/ N 27 (A3)
i )

noting that . will remain constant throughout the region as the shape bounded by A, remains constant. Approx-
imating the area of A, as a right angle triangle, the shape factor can be solved as « ~ 101, using the method

described in Mortensen et al. [127]. A factor of 1/4 has also been included to account for the four gutters around the
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Figure A.1: (a) A diagram of the gutter around a microgel passing through a square confinement. The serial sections
through which flow passes are labeled for the gutter and dome parts of the deformed microgel. (b) A comparison of
the relative predicted microgel resistance (2Rgome + Reso)/Ro With the relative contact radius, a/d.

microgel, as per the parallel resistance rule. Finally, this can be normalized by the resistance of an empty channel,
see Eq.[5.3|such that

Rgel,cso ~ « /a dz - (A4)
Ry 055z
a9 (-7 - 6)7)

Evaluating this integral using a numerical mathematics software suite (Wolfram Mathematica, Wolfram Research,

Oxfordshire, UK), the relative resistance is described by

Ryeleso 39w a ( a? —1(a" —10a"?) — 6a/(4 + a’) (tanh_l \}% —tanh™! lfa, - 1))

Ry Zeh 6(a? — 1)7/2 ’

where ¢’ = a/w.

The above however only accounts for the resistance due to the gutter around the microgel. There is also
resistance due to the ends of the microgel. While at large deformations where A, is small, the resistance will
dominate, when a = 0, the resistance from the rest of the microgel is also relevant. Using the same methodology as

above, but for a semisphere on either end of the microgel, the resistance of the dome section can be estimated as

4

Ryeldome __ w/2 d
R " 28(zch/o (1o (1Z =) (A6)

Noting that resistance is dominated for this annular section by where flow is most confined, we can estimate « ~ 101,

as was done previously for the gutter resistance. With that assumption in mind, Eq. [A.6]solves as Rycl.dome/Ro =
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16w/zch.
The sections of the microgel occur in series. As such the total resistance of the confined microgel where ug; = 0
can be written as

RgelO = 2]%gel,dome + Rgel,cso- (A7)

This can be seen plotted against the radius of contact, « in Fig.[A. 7.
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Résumé: Quel est le rapport entre I'aspiration de
perles de tapioca a travers une paille et les tests
génétiques microfluidiques? Tous deux impliquent
de faire passer des sphéres molles a travers une
constriction. Cette thése étudie I'interaction fluide-
structure de gels se comprimant a travers des con-
strictions microfluidiques.

La premiere étude réalisée dans cette these exam-
ine comment une particule entre dans une constric-
tion. Sous leffet de I'écoulement, le microgel est
poussé dans la constriction, se déforme, et finit par
obstruer le canal. Ceci pose un probleme fluide-
structure géométriquement compliqué. Pour com-

Titre: Interaction Fluide-Structure des microgels dans les systemes microfluidiques simples

Mots clés: Microfluidiques, Mechanique des Fluides, Interaction Fluide-Structurelle, Mechaniques des Con-

prendre cette interaction, c’est dabord nécessaire
d’analyser la déformation du particule sous pression,
et séparément d’analyser les flux autours d’un partic-
ule déformé. La résolution de ces deux aspects per-
met de fabriquer des valves microfluidiques, et donne
acces a I'élasticité du gel.

La deuxieme étude reprend apres I'entrée d’'un gel
dans une constriction. Les billes de gel sont
acheminées a travers un comparateur microfluidique
afin de mesurer leur vitesse ainsi que la résistance
hydrodynamique qu’elles ajoutent au canal. La fric-
tion des gels est due au couche lubrifiant, et dépend
de la vitesse, de I'élasticité et de la taille du gel.

Abstract: What does sucking a tapioca ball through
a straw have to do with microfluidic genetic testing?
Both involve pushing soft spheres through a constric-
tion. This thesis investigates the fluid structure inter-
action of soft gels squeezing through microfluidic con-
strictions.

The first study done in this thesis looks at how a parti-
cle enters into a constriction. Fluid flow pushes the mi-
crogel into the constriction, deforming until it plugs the
flow. This presents a geometrically complicated prob-
lem combining fluid and solid mechanics. To under-
stand this problem, it is necessary to first separately

Title: Fluid Structure Interactions of Microgels in Simple Microfluidic Systems

Keywords: Microfluidics, Fluid Mechanics, Fluid-structure Interaction, Contact Mechanics, Hydrogels

analyze the particle deformation under pressure, and
the flow around a deformed particle. Solving these
two aspects allows for making microfluidic flow limit-
ing valves and also measuring gel elasticity.

The second study picks up after a gel has entered
into a constricting channel. Gel beads are flowed
through a microfluidic comparator in order to measure
the added resistance of the gel, as well as their ve-
locity. The friction of the gels is due to the lubricating
fluid between it and the channel, which depends on
the gel speed, elasticity and size.
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