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ABSTRACT
DEFORMABLE MICROFLUIDICS: PHYSICS OF FLUID FLOW AND APPLICATIONS
By

Aryan Mehboudi

While the rapidly-growing microfluidics technology has already permeated through many aspects of the
molecular and biological sciences and enabled a wide variety of low-cost and point-of-care biomedical appli-
cations, deformable microfluidics, in which microchannel possesses at least one flexible sidewall, may offer
some unique advantages. The recyclability of such platforms is improved and their lifetime is extended
thanks to the minimal channel clogging. The difficulties associated with the deviation of device performance
from an optimal point can also be alleviated to some extent by tuning the device. Furthermore, deformable
microfluidic devices may be adjusted to have more than one optimal operating points. For example, a single
deformable microfluidic filter is capable of isolating target cells with multiple sizes or deformability levels as
opposed to a rigid counterpart that has only one cutoff size for filtering. In typical deformable microfluidic
settings, the deformable part of microchannel is actuated via external pneumatic sources, making it difficult
to fabricate and operate such devices. The main objectives of this work are 1) to develop a new class of
deformable microfluidics without the need to pneumatic actuation, and 2) to develop analytical tools for

studying flows of Newtonian fluids in deformable microchannels.

Pressure distribution within a deformable microchannel dictates the membrane deformation, while the mem-
brane deformation governs the hydrodynamic resistance and consequently the pressure distribution within
the channel. Deformable microfluidics, therefore, gives rise to a coupled fluid-solid interaction problem. Com-
pressibility of the working fluid and variations of the channel’s width are two other factors that can potentially
make the problem even more complicated. In this work, an analytical model, with no fitting parameters, is
derived simultaneously taking microchannel deformability, fluid compressibility, and microchannel’s width
profile into account, which makes it a universal tool for studying low-Reynolds-number flows of Newtonian
liquids and gases in microscale. A new technique is also developed for fabrication of shallow (few microns in
height) rigid/flexible microchannels with either small (tens of microns) or large (several millimeters) width.
We show theoretically and experimentally that structural-fluid characteristics are solely dictated by dimen-
sionless fluid compressibility and a lumped dimensionless parameter, called flexibility parameter. A master
curve is obtained for fluid flow through any arbitrary shallow and long deformable microchannel presenting
the dimensionless flow rate as functions of flexibility parameter and dimensionless fluid compressibility. The

experimental and analytical investigations reveal various distinct fluid-structural characteristic behaviors



under different fluid compressibility and flexibility parameter regimes. We have also demonstrated that
passive rectification of compressible and incompressible flows of Newtonian fluids (liquids and gases) under
the Stokes flow regime (Re < 1) is feasible by introducing the non-linear and direction-dependent terms to
the otherwise linear equations of motion. Finally, a new class of deformable microfluidics is developed for
passively-tunable particle trapping and isolation without the need to the pneumatic actuation. Filtration,

isolation, and retrieval of particles are successfully demonstrated.
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Chapter 1: Introduction

It seems intuitively logical to design the systems handling cells, molecules and other biological entities within
the same characteristic length scales as those of the biospecies [1] (Fig. 1). Microfluidics is the science of
manipulating and controlling fluids, usually in networks of channels with dimensions from O(0.1 pm) to
O(100 pm). Microfluidic devices provide several important advantages over the conventional laboratory-
scale techniques. The inverse characteristic length scaling of the surface-area-to-volume ratio implies that
heat and mass transfer into or out of a chip can be enhanced as the dimension of the device is reduced. In
addition, separation can be carried out faster and more efficiently at smaller scales [1]. Biospecies detection
can also be more efficient [20] in smaller devices, since the underlying detection mechanism is based on the
species interaction with the markers coated on the wall. Furthermore, the small size of the microchannels
improves the cell culturing efficiency through increasing the possibility of the contact between the flexible
cells and the channel walls [21]. The other advantage of the microfluidics is that it usually needs a minute
amount of sample to function properly, which reduces the cost and avoid wasting chemicals, while in the case
of laboratory-scale techniques, the sample volume needs to be sufficiently high. The concentration of species
also needs to be sufficiently high for the laboratory-scale methods to be applicable. Otherwise, the rare target
species can be easily lost during the large-scale process. Separation and analysis of the rare circulating tumor
cells (CTCs) are, therefore, performed more efficiently using the microfluidics technology [22-25].

Separation and isolation of the target rare cells from a highly heterogeneous suspension such as the whole
blood is vitally important for disease diagnostics, drug analysis, fundamental studies, etc. The HIV disease
diagnosis and treatment are based on the efficient separation of human T-lymphocytes (CD4+) from the
whole blood [26]. As another example, the diagnosis and treatment of malaria rely on the separation of
parasite-infected red blood cells (RBCs) from uninfected cells [27-29]. The separation of neuronal cells is
also important for the cell replacement therapy of neurodegenerative disorders such as the Parkinson’s and
Alzheimer’s diseases [30, 31].

The remaining chapter will present the literature reviews and the objectives of the dissertation. Key

separation mechanisms will be briefly introduced first. The applications of deformable microfluidic channels
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Figure 1: (From the work of Yeo et al. [1]) The approximate characteristic length scales of the microfluidic
and nanofluidic systems compared with those of various biological entities.

will be then reviewed. The main objectives of this research will be presented afterwards. Finally, the outline

of the report will be described.

Separation

There are several extensive review papers on the separation using the microfluidic systems [32,33]. Inertia-
based separation, hydrodynamic fractionation, active fractionation, and size exclusion, which are among the

most commonly used mechanisms of separation, are introduced in the following.

Inertia-based separation

Inertial focusing refers to the migration of the particles, which flow through a channel, across the streamlines
towards their equilibrium positions. This phenomenon happens due to the inertial effects of the flow field
around the particles and its interaction with the channel sidewalls. A balance between the shear gradient
force directed towards the channel sidewalls and a wall-induced inertial force directed away from the sidewalls

dictates the equilibrium positions. One of the very first works in the context of particle inertial focusing was



published in 1961 [34]. The authors reported that the macroscopic spherical particles were collected into a
thin and annular region when an initially uniform dilute suspension was passed in laminar flow through a
straight tube.

Ho and Leal [35] theoretically studied the effect of inertia-induced lateral migration of a neutrally buoyant
rigid sphere in a Newtonian fluid for two types of flow: simple shear flow, and two-dimensional Poiseuille flow.
They showed that spheres reach a stable lateral equilibrium position independent of the initial position of
release. For the simple shear flow, this position is midway between the sidewalls, whereas for the Poiseuille
flow, it is 0.6 of the channel half-width from the centre-line. The numerical simulations of the inertial
migration of neutrally buoyant particles in a straight square duct, conducted by Chun and Ladd [36] for
various Reynolds number between 100 and 1000, also showed that particles migrate towards one of a few
equilibrium positions in the cross-sectional plane, located near the duct’s corners or at the center of the
edges.

The inertial focusing allows the rather precise alignment of particles within the flow field, which enables
a variety of different separation technologies.

Di Carlo et al. [2] have reported that flowing particles can migrate across streamlines even in laminar flows
if the wall-induced inertial lift forces dominate the particles behavior; the condition that is met when the
particle Reynolds number is of order 1. This phenomenon has been leveraged to focus randomly distributed
particles continuously and at high rates to a single streamline. Later and based on this work, Di Carlo et
al. [37] presented a microfluidic device for separating particles based on size with purities from 90 to 100%
and as a high throughput as 1 mL/min.

The important advantage of inertia-based separation techniques, in general, is that they need a large
enough velocity. As a result, these methods inherently deliver high throughput separations. However,
they are usually limited to specific Reynolds numbers, above which the fluid flow pattern and the particles
motion deviate from the desired behavior that results in the lower separation efficiency. For example, for the
focusing techniques based on the Dean flow, the counter-rotating streamlines are prone to mixing particles

by entraining them. It has been shown [2] that the ratio of lift to Dean drag force scales as:

1 a
F./Fp ~ S(DT)BR? n <0 (1)

where a, Dy, and R, refer to the particle diameter, hydrodynamic diameter of the channel, and the channel
Reynolds number based on the maximum channel velocity: R. = pU,,Dp/u, in which U, denotes the
maximum channel velocity, and p and p are the fluid density and dynamic viscosity, respectively. In addition,

0 = Dy /2r, where r is the radius of curvature of the channel. It can be perceived that the Dean drag becomes



10 um

Figure 2: (From the work of Di Carlo et al. [2]) Differential focusing of 10- and 2-pm mixed particles in
water. The 2-um particles remain unfocused after transiting 3 cm of asymmetric turns, whereas 10-um
particles are sharply focused. R. = 7.5. (Scale bar=50 um).
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Figure 3: (From the work of Zhang et al. [3]) The counter-rotating vortex in the cross section of a serpentine
channel with different aspect ratios, (i) AP=1/5 and (ii) AP=3/5.

more significant than the inertial lift with increasing the Reynolds number, suggesting an upper limit on the
Reynolds number, above which the particles of various sizes will be defocused by mixing due to the Dean
flow.

Furthermore, the experimental results show that the particles need to be large enough to be focused
(a/Dp, > 0.07) [2]. Otherwise, according to Eq. 1, the Dean drag force is dominant, resulting in the particles
mixing. A sharply focused streak of 10 um particles is shown in comparison with an unfocused and broader
streak of 2 um particles in Fig. 2.

It has been shown that the geometry can be designed in such a manner that the counter-rotating Dean
vortex close to the top and down sidewalls is suppressed. For example, the velocity vector field related to the
low-aspect-ratio channel (height to width) of 1/5, obtained through the numerical simulation, shows that
the direction of the secondary flow velocity is towards the concave wall (outer sidewall) for the majority
of the cross section, while there is just a small portion of the cross-section close to the sidewalls with the
secondary flow towards the convex wall (inner sidewall) [3], see Fig. 3. The similar design has been used to
achieve a single focusing streak of large particles at the channel center, while smaller particles are trapped
close to the sidewalls [38].

In another work, Yoon et al. [4] have used curved rectangular microchannels. Their numerical simulation
shows that for the aspect-ratio of 1.0, the secondary flow is towards the concave sidewalls in the middle of the
cross-section between the normalized height (z/h) of 0.27 and 0.72, while it is towards the convex sidewall

out of this height window (Fig. 4 (left)). As depicted in Fig. 4 (middle), for an arc channel with an aspect
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Figure 4: (From the work of Yoon et al. [4]) (left) Velocity distributions at the middle of the arc for various
Dean numbers with an aspect ratio of 1.0. (middle) Size-selective separation of micro beads in the direction of
the fluidic force exerted by the velocity distribution in an arc channel of aspect-ratio 1/2. (right) Comparison
of the trajectories of the 40 um glass and 10 pwm nickel beads at the Dean number of 28.87 and aspect ratio
of 1/2.

ratio of 1/2, the large beads mainly experience forces from the outward velocity, while the small beads are
dominantly influenced by the inward velocity. As a result, the 40 um glass and 10 pm nickel beads can be
separated in a curved rectangular microchannel as shown in Fig. 4 (right).

Hur et al. [39] have introduced a label-free cell isolation and enrichment technique with cell size as the
biomarker. Their approach is based on the trapping of the large enough particle/cell into microscale vortices,
that are developed in expansion-contraction regions. They have empirically determined the critical diameter
of the particle/cell and the volumetric flow rate above which the trapping of cells/particles is achieved. High
throughput and clogging-free operations have been demonstrated using their technique.

Some of the more recent works on this topic can be found in [40-44].

Hydrodynamic fractionation

The hydrodynamic fractionation techniques are trying to order the particles next to the channel sidewall(s).
If the Reynolds number is small enough, the particles follow the streamlines without significant deviations.
As a result, the ordered particles, that are now tangent to the sidewalls, can be separated according to
their size, since the center of particles with different sizes is located on various streamlines. The particles,
therefore, follow different streamlines, and can be collected through different outlets.

Yamada et al. [5] proposed the first separation technique based on the hydrodynamic fractionation, named
pinched flow fractionation. In this method, particles suspended in liquid are continuously injected through a
microchannel with a pinched segment. The particles are aligned against one sidewall in the pinched segment
by the sheath flow. The particles are then separated according to their size, since the particles with different
sizes follow the different diverging streamlines in the expanding portion of the microchannel. The principle
underlying this technique is schematically shown in Fig. 5 (left). The separation of polymer micro-beads

15 pm and 30 pm in diameter has been successfully demonstrated using this technique.
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Figure 5: (left) (From the work of Yamada et al. [5]) The schematic presentation of the pinched flow
fractionation. The particles are aligned against one sidewall in the pinched segment using a sheath flow. The
particles are then separated according to their size by following the different diverging streamlines. (right)
(From the work of Yamada and Seki [6]) The schematic presentation of the hydrodynamic filtration. The
diagram shows the particle behavior at a branch point for the case that the proportion of the flow rate
through the side channels over that of the main channel is (a) low, (b) medium, and (c) high. The virtual
boundaries are shown with dashed lines. (d) A schematic presentation of the particle concentration and
classification in a microchannel with multiple side channels.
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Later, Yamada and Seki [6] modified the previous work by removing the sheath flow. Instead, in order
to order particles next to the lateral sidewalls, they used side channels to withdraw a small amount of
liquid repeatedly from the main stream. In this way, the particles are concentrated and aligned next the
sidewalls. Then the concentrated and aligned particles are collected according to size through selection
outlets. They named their method hydrodynamic filtration. The principle underlying this technique is
schematically presented in Fig. 5 (right). The advantages of this method are: 1) the continuous process is
feasible, 2) the channel clogging is not a concern, and 3) both the particle concentration and separation can
be obtained simultaneously. The drawback, however, is that this method inherently relies on low Reynolds
numbers, so that the particles can follow the streamlines. As a result, the typical throughput is limited in
the order of 1 ul/min. The authors have demonstrated the concentrations of polymer microspheres with
diameters of 1-3 mm up to 20-50-fold, and their separation according to the size. In addition, selective
enrichment of leukocytes from blood has been performed. Later, Yamada and Seki [45] modified the design

of the microfluidic chip to achieve a better selectivity.

Physical filtration

The separation approaches based on the physical filtration utilize the porous structures with various opening

sizes. The particles larger than the pores size are filtered, while the smaller particles can ideally (if not
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Figure 6: (From the work of Kuiper et al. [7]) (left) A SEM image of the microsieve surface. (middle) A SEM
image showing a free hanging perforated membrane supported by the vertical walls. (right) The theoretically
calculated water flux for a microsieve with a porosity of 20% and a membrane thickness equal to the pore
diameter.

trapped among the filtered larger particles) pass through the pores. For a long time, the sieve has been one
of the widely used utensils to filter the particles of desired sizes from the solutions. In the middle of the last
century, the fine sieves were used for the isolation of cells [46-48]. Thanks to the microfluidics progress [49],
the filters were also integrated into the microfluidic chips [50,51] for handling a small amount of analytes in
a more precise manner.

There are generally four types of the physical filtration technique:
e membranes,

e pillars,

e cross flow, and

e weir-shaped filters.

In the following, each category will be briefly introduced.

Membranes

Kuiper et al. [7] developed inorganic micro-filtration membranes with a pore size down to 100 nm by using
the laser interference lithography and silicon micro machining technology. The SEM images of the membrane,
shown in Fig. 6, demonstrate the feasibility of fabricating pores with precise dimensions and narrow size
distribution on a large area. The experiments of the yeast cell filtration of beer were successfully carried
out. As shown in Fig. 6 (right), this type of membrane enables a relatively high flow rate, because of having
a small thickness in the order of the pores size as well as a high porosity. However, the authors mentioned

in their paper that this micro-sieve has to be made in a cleanroom environment with expensive machinery.
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Figure 7: (From the work of Wickramasinghe et al. [8]) (top left) Experimental set up. (top right) Typical
particle size distribution for influenza virus feed solution. (Bottom) Particle size distributions in the retentate
(filled squares) and concentrated bulk permeate (unfilled squares) after microfiltration using (left) 0.1 um
and (right) 0.2 pm membranes. The particles larger than the pores size are retained more effectively by the
membrane, while smaller particles tend to pass through the membrane.

Wickramasinghe et al. [8] have used a tangential flow combined with a membrane filtration to concentrate
the human influenza A virus particles and remove the host cell DNA and proteins. The polyethersulphone
(PES) sheet membranes with different pore sizes were used. The human influenza A virus particles are
spheres about 100 nm in diameter. By using a 0.1 pm membrane, the passage of virus particles smaller
than 100 nm into the permeate and an enrichment of the larger particles in the retentate were obtained. All
experiments were run at the feed flow rate of 150 mL/min, which resulted in the average transmembrane
pressure of 0.4 bar. The permeate flux is also between 20 and 150 Im~2h~! based on the pores size. A
schematic of the experimental set up is shown in Fig. 7. In addition, the particle size distribution related
to the influenza virus feed solution, together with that of the retentate and concentrated bulk permeate are
shown in Fig. 7. It can be seen that the particles larger than the pores size are retained more effectively by
the membrane, while smaller particles tend to pass through the membrane.

Zheng et al. [9] used a three dimensional micro-filter device, consisting of two layers of the parylene
membrane with pores and gap defined through photolithography, in order to enrich viable circulating tumor
cells from the human blood sample. A schematic of the device and the filtration process is shown in Fig. 8.
The viable CTCs enrichment with about 86% capture efficiency has been achieved in several minutes using
this device. Since the captured cells were supported by the lower membrane, it did not experience a large

strain. As a result, the high viability of the captured cells is still obtainable under high flow rates.
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Figure 8: (From the work of Zheng et al. [9]) (left) A schematic of the filtration process. Fy: force caused by
fluidic pressure from top. Fg: supporting force from bottom membrane. Fr: tension stress force on plasma
membrane. (right) Device is assembled inside a housing cassette.

Tapered Slit
Array

Figure 9: (From the work of Doh et al. [10]) A schematic image of the cancer cell isolation tapered slit array.

Lim et al. [52] have used a microfabricated porous silicon membrane with a densely packed pore array
(~ 5000 pores per mm~2) for isolation of tumor cells from the whole blood. The low hydrodynamic resistance
due to the small thickness of the membrane (30 pum) enables the high throughput operations of the order of

1 ml/min.

Pillars

Doh et al. [10] have used a tapered slit structure in order to isolate the cancer cells from the blood cells
(Fig. 9). The trapped cells were then collected by reversed flow. The average viability of the captured
cancer cells has been reported to be ~ 75%. The collected viable cancer cells can be used for the further
bio-applications such as cancer diagnosis, drug development, etc. The shortcoming of this method, however,
is that some of the slits can be simply clogged by the blood cells. As a result, the velocity in the rest of the
open slits increases, that reduce the viability of the cells.

Yoon et al. [53] have presented a microfluidic sieving technique that takes advantage of a lateral flow
combined with a mechanical oscillation applied to the fluid flow by using a piezoelectric actuator to overcome

the clogging challenge. The mechanical oscillation helps the aggregated small particles trapped between the
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Figure 10: (From the work of VanDelinder et al. [11]) (left) (a) A camera image of the microfluidic device
together with (b) a magnified image of the fragment of the filter region, marked by a rectangle in panel (a).
This image is rotated 90° from the view shown in panel (a). (¢) Schematic diagram showing a cross-sectional
view of the device (not to scale). (middle) The plasma flow rate through the plasma outlet as a function of
time at inlet pressure of 4 psi with constant zero pressure at the outlets (triangles) and with two different
modes of back-pulsing: the pressure of 6 psi was applied to the outlets for 100 ms every 3 s (diamonds and
circles) and also for 5 s every 2.5 min (circles). Each curve is an average of two individual tests. (right) The
plasma flow rate through the plasma outlet for blood with hematocrits of 10% (circles), 20% (diamonds),
and 30% (triangles) as a function of inlet pressure, P, with outlet pressure, P3, equal to 1.5P1 applied for
100 ms every 3 s. For each hematocrit the data points show averages of at least five individual tests, and
the error bars show the standard errors of the mean. The error bars are not shown when they are smaller
than the symbols.

larger target particles in the filter to be released.

Cross flow

VanDelinder et al. [11] presented a microfluidic device for separation of plasma from the whole human blood
by size exclusion in a cross-flow. The device was made of Polydimethylsiloxane (PDMS) sealed with a cover
glass. The pulsatile pressure was used to prevent clogging of the channels with blood cells. When loaded
with blood diluted to 20% hematocrit, the device was able to operate for at least one hour, extracting 8% of
the blood volume as plasma at an average rate of 0.65 ul/min. The images and schematic of the device are
shown in Fig. 10 (left). In addition, the volumetric flow rate of the plasma entering the outlet is shown over
time in Fig. 10 (middle) for three different modes of operation as described in the caption. As shown, the
plasma flow rate rapidly decayed, since the channels were quickly clogged with RBCs and platelets. However,
the performance of the device was substantially improved with pulsatile pressure (back-pulsing), which is
one of the common methods of increasing efficiency in macroscale cross-flow filters [54]. Furthermore, the
plasma flow rate for blood with different hematocrit concentrations is shown in Fig. 10 (right) as a function
of inlet pressure. The measurements were carried out during the time interval between 2 and 10 min from

injection of blood into the device.
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Figure 11: (From the work of Chen et al. [12]) (A) The design and construction of the weir-type barrier. (B)
The SEM micrograph of the weir.

Weir-shaped

Weir structures are widely used in cell sorting, which exploit the mechanical disparities between the cell
samples [55,56]. The gaps formed in between the weirs and the channel ceiling act as the filter to permit
smaller cells to go through while trapping the larger ones, see Fig. 11. Chen et al. [12]) have experimentally
investigated both pillar- and weir-type filtration techniques. They have shown that the the crossflow with the
pillar-type structure filtration can strongly resolve the problem of clogging, which is a more serious problem

for the weir-type filtration method.

Active separation

The mechanism introduced in the previous sections are considered passive, since their function is dictated
by the geometry of the device and the applied pressure. The other category of the separation techniques,
which is called active, take advantage of the external electric field [57], magnetic field [29, 58], etc., to adjust
the functionality of the microfluidic device based on the needs. The long-history electrophoresis [59,60] and
dielectrophoresis [61-63] are falling under this category.

Jeon et al. [64] have presented a hybrid pressure-driven-electrophoresis-electroosmotic flow. The external
electric field is applied in such a manner that the electrophoretic force applied to the particles opposes the
hydrodynamic drag force. As a result the particles with large enough electrophoretic mobility can flow

against the pressure gradient direction, and are collected in a separate outlet.

Deformable microfluidic devices

Deformable microfluidics, in which microchannel possesses at least one flexible sidewall, is a promising

emerging research area in the field of microfluidics, with a variety of potential applications such as the

11
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Figure 12: (From the work of Wang et al. [13]) (left) Pneumatic actuation of the assay chamber for solid-phase
immunoassay (upper) and chemifluorescence detection (bottom). (right) The fluorescence images obtained
at the concentrations of 5 ng/ml.

particle/cell separation [65,66], controlled drug release [67], tunable optofluidic devices [68], force sensing
[69], tunable droplet-size generation [70], capillary flow enhancement [71], mixing [72-74], developing fluidic
circuits [75-77], etc.

Highly sensitive microfluidic enzyme-linked immunosorbent assay (ELISA) assays have been demon-
strated by using the deformable channels [13]. As shown in Fig. 12 (left), the main channel is filled while
no pressure is applied to the pneumatic chamber that works similar to a gate control in an electrical circuit.
The channel is, therefore large enough to show the small hydrodynamic resistance and be filled quickly. On
the other hand, when the pressure (30-70 kPa) is applied to the pneumatic chamber, the microwell array
membrane can be quickly deformed to create an array of femtoliter detection volumes interconnected by a
thin layer of liquid. Decreasing the chamber size increases the sensitivity through increasing the possibility
of interactions between the antibodies and target proteins. The low concentration like 5 ng/ml has been
successfully detected using this platform, Fig. 12 (right).

Externally adjusting the geometry of the flexible microfluidic devices have already been reported for
tuning the functionality of the microfluidic separators [78-81]. Beech and Tegenfeldt [14] proposed a simple
deterministic lateral displacement (DLD) device based on a PDMS structure, Fig. 13. They showed the
critical size of the structure, and consequently the particle separation functionality, can be tuned by stretching
the device.

There have been also numerous efforts to develop the tunable microfluidic filters with an adjustable cutoff

pore size by using the external pneumatic actuators. Huang et. al. [15] have used pneumatic actuation to

12
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Figure 13: (From the work of Beech et al. [14]) (1) A modified micrometer translation stage holds the elastic-
DLD device. (2) The sketch of the device. (3a) and (3b) Micrographs of posts before and after stretching
showing how diameter changes.
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Figure 14: (From the work of Huang et al. [15]) (left) A photograph of the micro filter chip. (right top) The
relationship between the minimum applied pneumatic pressure in the filter zone and the diameters of the
trapped microbeads (right bottom) The microscope images of the clogged channels with trapped microbeads.

adjust the cutoff pore size by applying various control pressures to the membrane sealing the microfluidic
filter, Fig. 14 (left). They have demonstrated the microbeads and cells with different diameters can be
trapped under various pressures, Fig. 14 (right). The same idea was followed by Liu et. al. [16] and Beattie
et. al. [17] to isolate the beads/cells with different diameters under various pressures, Figs. 15 and 16. The

difficulties related to the fabrication, integration, and operation of these devices limit their applications.
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Figure 15: (From the work of Liu et al. [16]) (left) Pneumatic microstructure presenting a height-adjustable
geometry resulting reversible cell trapping (top) compared with a fixed microstructure (bottom) showing
irreversible trapping. The fluorescence images show the parallel trapping of the cells under the pressure of
4 psi (middle) and 5 psi (right).
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Figure 16: (From the work of Beattie et al. [17]) (left) Photograph of the separation device with the flow and
control channels are filled with red and green food coloring respectively. (right) The probability of trapping
microsphere as a function of pressure applied to the diaphragm. Smaller microspheres require smaller channel
openings to be captured, and therefore require greater trapping pressure than larger microspheres. The
range of trapping pressures for each particle size is shown as a colored block for each microsphere diameter,
indicating the minimal overlap between sizes.

Objectives

The main objectives of this work are enumerated in the following.

e To mathematically study the physics of low-Reynolds-number incompress-
ible and compressible flows of Newtonian fluids (liquids and gases) through

deformable microchannels.
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e To develop novel applications enabled by deformable microfluidics, including

passive Stokes-flow rectifiers and passive particle sieve/separators.

Outline

The following shows the outline of the dissertation in the following chapters:

e Chapter 2: Since the target tunable microfluidic devices aimed to be developed in
this work are solely tuned by the pressure difference across the channel, the minimum
height of the channel needs to be sufficiently small to make the device compatible with
the target particles. Therefore, a new technique is developed for the fabrication of
shallow (few microns in height) rigid /flexible microchannels with the either small (tens

of microns) or large (several millimeters) width.

e Chapter 3: Structural-fluid characteristics are solely dictated by a lumped dimen-
sionless parameter, called flexibility parameter, introduced in this chapter. A master
curve is obtained for fluid flow through any arbitrary shallow and long deformable
microchannel presenting the dimensionless flow rate versus flexibility parameter. The
experimental and analytical investigations reveal various distinct fluid-structural char-

acteristic behaviors under different flexibility parameter regimes.

e Chapter 4: The fluid flow through asymmetrically-shaped microchannels with ultra-
low aspect ratios is investigated experimentally and analytically. We have shown that
passive rectification of the Stokes flow regime is possible for Newtonian liquids by intro-
ducing the non-linear terms to the otherwise linear equations of motion. The proposed
nonlinearity stems from the coupled fluid-solid mechanics of the flow behavior in an
asymmetrically-shaped microchannel, i.e. nozzle/diffuser, with deformable ceiling. The
flow rectification ratio of ~ 1.2-1.8 is demonstrated for common Newtonian liquids like

water and alcohol.

e Chapter 5: A theoretical coupled fluid-solid-mechanics model is developed for com-

pressible fluid flow through deformable microchannels to predict fluid-solid character-
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istics such as the mass flow rate, pressure distribution within microchannel, membrane
deformation, etc. An explicit relationship is extracted for mass flow rate as a function of
pressure difference across a microchannel, undeformed channel dimensions, properties

of channel’s ceiling such as thickness, modulus of elasticity and Poisson’s ratio.

Chapter 6: An analytical model is derived simultaneously taking microchannel de-
formability, fluid compressibility, and microchannel’s width profile into account, which
makes it a universal tool for studying low-Reynolds-number flows of Newtonian liquids
and gases in microscale. We have mathematically and experimentally demonstrated
that passive rectification of compressible and incompressible flows of Newtonian fluids
(liquids and gases) under the Stokes regime is feasible by introducing the non-linear

and direction-dependent terms to the otherwise linear equations of motion.

Chapter 7: Based on the developed models, a new class of deformable microfluidics is
proposed for passively-tunable particle trapping without the need to the pneumatic ac-
tuation. In this technique, the pore size is altered through the deformable microchannel

expansion under different pressure differences across the microchannel.
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Chapter 2: A two-step
sealing—and—reinforcement SUS8
bonding paradigm for the fabrication

of shallow microchannels!

Questions

The main questions of this study are enumerated in the following.
e How can the risk of the channel blockage due to the SU8 reflow during the SU8 bonding
be mitigated?

e [s there a microfabrication protocol for making the rigid or flexible shallow microchan-
nels (few microns in height) with either small (tens of microns) or large (few millimeters)

widths?
e What is the lowest obtainable aspect-ratio using this technique?

e What is the maximum bonding strength?

1Reproduced from Aryan Mehboudi and Junghoon Yeom 2018 J. Micromech. Microeng. 28 035002 (2018);
https://doi.org/10.1088/1361-6439/aa9eb1, with the permission of IOP Publishing.
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Mbotivations

The shallow microchannels play an important role in various bio-applications such as the
microfluidic ELISA assays, cell culturing, bio-sensing, etc. The deformable microchannels,
on the other hand, are widely used for various applications such as particle separation,
pressure sensors, fluidic capacitors, etc. The motivation of this study is to alleviate the
difficulties associated with the fabrication of two important microfluidic architectures of
1) shallow microchannels with small patterns and 2) shallow microchannels with ultra-low

height-to-width ratios.

Objectives

The objective of this study is to develop a SU8 bonding protocol for sealing the shallow
microchannel sidewalls with small or large widths in order to fabricate the rigid/flexible
shallow microchannels. The bonding outcome such as the SU8 reflow and bonding strength

are aimed to be examined for various channel dimensions and fabrication parameters.

Introduction

As the applications of Lab-on-a-chip (LOC) devices are rapidly growing, much more atten-
tion is being devoted to sealing, fluidic/electric connections, and packaging among many
serious challenges associated with these devices [82-84]. One of the most crucial steps in
fabricating many LOC devices is to seal the sidewalls of the microfluidic networks properly,
in such a manner that the bonding strength is sufficiently high to preserve the sealing in-
tact without any leakage at the maximum operating pressure. One widely used strategy
for sealing the microfluidic channels is the adhesive bonding technique based on the appli-
cation of intermediate adhesive layers [84]. A wide variety of different adhesive layers such
as the NOA (Norland Optical Adhesive) [85-87], parylene [88,89], tape [90,91], dry-film

resists (DFRs) [92,93], etc., have been successfully demonstrated. In particular, because of
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its material properties such as excellent chemical resistance, transparency, and a relatively
high Young modulus and its process flexibility such as high-resolution patterning capability
and a wide range of achievable thickness O(100 nm—100 pm), the SU8 has been a choice
of materials not only as an adhesive layer, but also as an important structural material in
the MEMS and LOC communities [94]. The sealing of the SU-8 microfeatures are therefore
truly important in many microfluidic devices [95,96].

As one of the very first works on SU8 bonding, Jackman et al. [97] proposed a methodology
to fabricate microfluidic devices in the SU8 epoxy. Many SUS8-based techniques were quickly
proposed thereafter [98-109], and many microfluidic devices were developed based on SU8
bonding [110-119]. One of the main difficulties associated with using the liquid adhesives
in general, and SU8 in particular, is channel clogging due to the flow of the adhesive layer
during the bonding process. As a result, the large-scale microfluidic networks with small
patterns are difficult to be made. The incorporation of the auxiliary channels or moats
around the main microchannel has been utilized to accommodate some of SU8 that flows
during the bonding process [100, 109, 120]. Reducing the bonding temperature below the
glass transition temperature of SU8 has been also effective to significantly mitigate the risk
of channel clogging [98, 121].

The partial exposure approach is a promising technique to fabricate small SU8 chan-
nels [122-126]. In this approach, the top wall of the channel is established using a lower
exposure dose, while the sidewalls are made through a larger exposure dose. The partial
exposure approaches, however, become very slow for shallow and long microfluidic networks,
since the uncured SUS8 needs to be developed away through the channel simply by diffusion
after all the sidewalls are established. Similarly, the other approaches based on the sacrificial
layers [127—129], where the sacrificial layers are etched away through the SU8 channel after
the completion of the bonding process, are also time-consuming for making shallow and long
channels. Lamination is another popular SU8 bonding technique, which has been successfully
used to fabricate three-dimensional channels with large heights (> 20 pm) [102,103], while

the shallow channels are still prone to fill with the SU8 during the lamination. More impor-
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Table 1: The accessible range of the microchannel dimensions for various adhesive bonding approaches:
(A) using an adhesive-coated rigid substrate to seal the microchannel sidewalls, (B) the partial exposure
technique, (C) the sacrificial layer approach, and (D) the lamination method. The following definitions are
used for the sake of simplicity:

+: it has been reported in the literature, —: it has not been reported in the literature (to the best of the
author’s knowledge), —p: even though it has not been demonstrated in the literature (to the best of the
author’s knowledge), the author believe it is feasible, and ++: it is feasible using the proposed paradigm in
this work.

Approach Shallow microchannel O(1 pm) | Deep microchannel O(10 um) | References
Large width Small width Large width Small width
O(1 mm) O(10 pm) O(1 mm) O(10 pm)
A) — - —p + [07, 98, 100, 109, 120,
131]
(B) ~p ¥ - ¥ 122-126
(©) —p ¥ —p T 127-129
(D) — — + + [102,103,130]
l This work H ++ ‘ ++ ‘ ++ ‘ ++ ‘ This work

tantly, the maximum width-to-height ratio is limited in the lamination-based approaches
by the adhesive layers sagging and the consequent channel blockage [130].

The aforementioned major adhesive bonding techniques are also schematically presented
in Fig. 17. The accessible range of the microchannel dimensions and more fabrication consid-
erations about each approach are also presented in Tables 1 and 2, respectively.  Because
of the rigidity of the adhesive-coated substrate, the approach (A) necessitates a thick SUS8
layer (of the order of magnitude of 10 pum), and/or high bonding temperatures/pressures
in order to obtain a conformal and leak-free sealing, which makes the microchannels highly
susceptible to clogging. In addition, since they are based upon the diffusion phenomenon to
establish the microchannels, the partial exposure, (B), and sacrificial layer, (C), techniques
are time-consuming, particularly when it comes to shallow and long microchannels. Further-
more, the application of the lamination approach, (D), has been limited to the deep channels
by the channel-clogging difficulties associated with 1) the flexible film sagging and 2) the
adhesive layer reflow. One may conclude that despite these tremendous efforts in developing
SUS8-based adhesive bonding techniques for microchannel fabrication, creating the two im-
portant microfluidic architectures of 1) shallow microchannels with small patterns on a large
area and 2) shallow microchannels with ultra-low height—to—width ratios is still a significant

challenge.
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Table 2: The fabrication considerations for various adhesive bonding approaches. The schematic presentation
of the addressed techniques can be found in Fig. 17.

l Approach ‘ Fabrication considerations

Ag Because of the rigidity of the sealing substrate, this approach necessitates a thick O(10 um) SUS layer
and/or high bonding temperatures in order to obtain a conformal and leak-free sealing. On the other
hand, because of using the thick SU8 and/or high temperatures, the channels are prone to be clogged
due to the SU8 reflow. Hence, the thickness of the adhesive layer should be carefully chosen to avoid
the channel clogging. The creation of moats/auxiliary channels in the vicinity of the main channel has
been demonstrated to mitigate the risk of channel clogging through the accommodation for some of
the reflown SUS.

Ag The considerations mentioned for Approach Ag are generally correct for Approach Ag and other adhesive
layers such NOA, TMMF, etc.

B Since uncured SUS is developed away purely based on the diffusion phenomenon, this approach becomes
time-consuming, particularly when it comes to the fabrication of shallow and long microchannels.

C Since a sacrificial layer is removed purely based on the diffusion phenomenon, this approach becomes
time-consuming, particularly when it comes to the fabrication of shallow and long microchannels.

D The application of this process has been limited to deep channels by the channel-clogging difficulties
associated with 1) flexible film sagging and 2) adhesive layer reflow.

This As far as the pattern of the microchannel’s sidewalls is concerned, the proposed approach is consis-

work tent with both SU8 photo-lithography and glass wet etching. Regarding the accessible range of the
microchannels’ dimensions, both deep and shallow microchannels with small or large widths can be
fabricated.

Regarding the bonding approaches other than the aforementioned strategies based on the
SUS, the shallow microchannels with an ultra-low aspect ratio are extremely challenging,
if possible, to be fabricated utilizing the widely used approach of PDMS soft lithography
[132-136]. The lamination-based approaches also have the risk of channel blockage due to
the uniform pressure applied by the lamination device during the bonding process [103,130].
For example, by using a lamination-based bonding technique, Wangler et al. [130] fabricated
a microchannel 45 pm in height, and 2 mm in width, that to the best of the author’s
knowledge, shows one of the lowest height—to-width ratios (2.25 x 1072) in the microfluidics
context, yet is still more than one order of magnitude larger than that presented in this work.
De Marco et. al. have demonstrated the shallow microchannels with an aspect ratio of 0.01
(200 pm x 2 pm) using a UV-based bonding process by a photocurable PFPE-urethane-
methacrylate with low molecular weight [137]. Similar to the PDMS-based soft-lithography,
the lowest aspect-ratio is limited by the polymer layer’s sagging and ceiling collapse.

Low-aspect-ratio shallow microchannels play an important role in various applications.
For example, in the context of performing microfluidic ELISA assays, the shallow channels

significantly reduce the volume of chemifluorescent reaction, markedly improving the sensi-
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Figure 17: The schematic presentation of the different adhesive bonding approaches. (Ag) The SU8 photo-
lithography and bonding using a SUS8-coated rigid substrate: (Ag) The glass etching process and bonding
using a rigid substrate coated with an adhesive layer such as SU8, NOA, etc: (B) The partial exposure
approach. (C) The sacrificial layer approach. (D) The adhesive layer lamination approach.
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tivity and speed of ELISA [13,138]. Ultra-low-aspect-ratio microchannels are also important
for cell culture applications, where a shallow channel with a depth slightly smaller than cell
diameter is coated with cell-capturing antibodies to ensure the contact of the flexible cells
with the channel walls for more efficient capturing of the cells in the target area [21]. A
larger microchannel width allows a higher throughput.

As another example, the sensitivity of the biosensors involving the use of the microelec-
trodes in a microchannel, which are used to detect the single cells electrically (label-free
format) in real time, is limited by the probability of a target cell being captured in the
active area of the sensor [20]. The detection limit can be enhanced by effectively increasing
the active area of the device through either or both of decreasing the channel depth and
increasing the channel width. In order to detect smaller bacterial cells with a high electrical
sensitivity of the device, the channel needs to be shallow enough to be compatible with the
small dimensions of the target cells, and as wide as possible to provide a high probability of
capturing the target species.

In this article, a new paradigm is proposed based on the low-temperature and low-pressure

22



SU8 bonding, which consists of two major steps, that is, sealing and bonding reinforcement.
Since a thin SU8 layer spun on a flexible film (in this work, Polyethylene Terephthalate
(PET)) is utilized as the adhesive layer, the capability of sealing small and long microfluidic
channels fully made of SUS is successfully demonstrated without channel clogging. On the
other hand, since the PET film is sturdy enough not to sag significantly under its weight,
the fabrication of microchannels with ultra-low aspect ratios is successfully demonstrated
as well. Furthermore, the small microchannel sidewalls made through glass wet etching are
also sealed without channel blockage, which demonstrates the compatibility of the proposed
SUS8 bonding paradigm with the important microchannel fabrication techniques based on
the glass etching process. The effects of the microchannel size, the piranha treatment of the
glass, and the oxygen plasma treatment of the microchannel sidewalls on the outcome of the
developed SU8 bonding paradigm are also investigated. In addition, we demonstrate the
fabrication of the multi-height deep—shallow microchannel sidewalls, and its sealing using
a thin-SU8-coated PET film. Moreover, a theoretical model is developed to obtain a more
profound insight into the flow characteristics such as the volumetric flow rate under various
pressures, as well as the structural behavior of the microchannel including the PET film
deformation, strain and von Mises stress variations, bonding strength, etc. According to the
hydraulic tests combined with the fluid-structural mechanics analysis, the maximum bonding
strength is predicted to be of the order of 10 MPa. Finally, small oilinwater droplets are
generated using a shallow microchannel with innermost surfaces fully made of SUS, as a
proof-of-the-concept device. Two microchannels with different heights of 6 um and 15 pum

are used to generate 13- and 47-micron droplets.

Fabrication

In this section, the two-step sealing—and-reinforcement SU8 bonding paradigm is described.
As shown schematically in Fig. 18, the framework underlying the proposed bonding paradigm
consists of two steps:

— Sealing: In this step, the sidewalls of the microchannel are sealed using as thin a SUS8
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Figure 18: Schematic presentation of the two-step sealing—and-reinforcement bonding paradigm for two
different approaches that the microchannel sidewalls are made through the SU8 photo-lithography (left) or
the glass wet etching (right): the microchannel sidewalls are created through SU8 photo-lithography (as) or
glass wet etching (ag). At the sealing step, a PET film coated with a thin layer of SU8 seals the microchannel
sidewalls (Sq,s and Sy g). The chip is then undergone with UV illumination and post-exposure baking to cure
the adhesive layer (Sa s and Sz ). The slight SU8 reflow can result in a cross-section with round corners in
this step. At the reinforcement step, a glass substrate coated with a SU8 layer is brought into contact with
the bare side of the PET film (R;s and Ry ). The sample is then undergone with UV illumination and
post-exposure baking to cure the adhesive layer at the bonding interface of the reinforcement glass and the
PET film (Rys and Ra ).

layer as possible. Using a thinner SU8 layer decreases the risk of microchannel blockage due
to the SUS reflow during the sealing process. On the other hand, the SU8 layer needs to be
thick enough to accommodate the height non-uniformity that always exists (in different levels
of severity) because of the nature of the spin coating process, like the presence of defects or
particles at the bonding interface, edge beads, etc. Using a rigid substrate for the sealing

purpose necessitates a thicker SU8 layer to create a conformal contact, which increases the

risk of channel clogging due to the larger amount of SU8 reflow. The advantage of the flexible
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substrates becomes particularly important when the channels are long, where the bonding
of rigid substrates on such large areas necessitates a very clean bonding interface with a
perfect height uniformity. In this work, a thin (~ 190 pm-thick) and nonporous PET film
covered by a thin layer of SUS is used for sealing the microchannels. A 5-minute baking at
a temperature above the glass transition temperature of the PET (e.g. 95°C in this work)
helps it to become flat and the following spin coating process much more convenient. The
PET film is then put on a spinner chuck. The SUS8 layer is spun on the PET film according
to Table 3.

— Bonding reinforcement: This step is designed to reinforce the bonding quality as well
as to avoid the likely deformation of the flexible substrate under high pressures [134,139] by
using a rigid substrate (glass in this work) covered by a thick enough SUS8 layer. This step
becomes important for microfluidic devices with small microchannels that need to operate
with highly pressurized flows.

In this work, two well-known approaches are utilized to create the microchannel sidewalls:
wet etching of glass and SU8 photo-lithography. In order to create the microchannel sidewalls
through glass wet etching, a buffered oxide etchant (BOE) solution mixed with hydrochloric
acid (HF(48%):NH,F(40%):HCI1(37%) = 1:6:1.4 (v/v)) is used as an etchant, while photo-
resists S1813 (or AZ4330) and AZ4620 are used as a mask for the fabrication of shallow and
deep microchannels, respectively. Furthermore, the sidewalls pattern is established through
a two-step wet etching procedure for double-height deep—shallow microchannels. First, the
deep regions are etched in a glass substrate. In the next step, after the alignment between the
patterned glass and the second photo-lithography mask, a new photo-resist layer is patterned
in such a manner that the windows open up to the already deeply-patterned areas of the
glass substrate as well as to the areas that need to be shallowly etched. The etching process
is then performed to create the double-height deep—shallow microchannel sidewalls. The
reversed order, i.e. shallow etching followed by the deep etching, has also been successfully
used. More details of the fabrication technique can be found in Appendix. In addition, the

specifications of the different SU8 layers used in this work are summarized in Table 3. The
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Table 3: The specifications of different SUS films utilized in this work. The uniform SUS films with different
thicknesses have been spun by using the appropriate mixture of the SU-8 2100 and the SU-8 2000 Thinner
(both from MicroChem Corp.), and utilizing the following spinning procedure:

The spinner speed is ramped at a rate of 83 rpm/s up to 500 rpm and kept there for 15-20 seconds. The
speed is then ramped up to the maximum speed at a rate of 83 rpm/s, remaining constant for 45 seconds,
and then ramped down to zero at a rate of about 250 rpm/s.

SU-8 2100:SU-8 2000 Thinner weight ratio maximum spin speed (rpm) film thickness (um)
1:3.2 1500 1

1:25 1500 2

1:1 1500 7

3:1 2500 15

16:1 4000 30

Table 4: The two-step (65°C followed by 95°C) soft-bake duration times (minutes) for different SU8 layers
used in the sealing step.

SU8 thickness (pum) duration (min) at 65°C duration (min) at 95°C
2 0 1
7 1 1.5

SUS layer thickness is measured using the Dektak profilometer. The measurements show
the variations smaller than +0.05 gm in the thickness of a thin (2.0 wm in average) SUS8
layer all over the substrate. This variations become larger (£0.5 pum) for the thickest SU8
layer (about 30.0 pum in average) used in this work. The spin coating procedure described
in Table 3 resulted in uniform SUS layers with various thicknesses.

After creating the microchannel sidewalls and drilling the via-holes (Fig. 18 (as) and (ag)),
a thin layer of SUS is spun on the PET film. The 2 pym and 7 um thick SUS layers are used
in the sealing step based on the severity of the patterned sidewalls’ height non-uniformity.
The SUS8-covered PET film is then baked according to Table 4. The prepared glass substrate
with the pattern of sidewalls together with the PET film are then put on a 69°C' hotplate.
After one minute, the PET film is flipped over, and its SUS8 cover is brought into contact
with the microchannel sidewalls. Trapped air is then removed using tweezers and/or finger
pressure (Fig. 18 (S;5) and (Si1,4)). After the bubble removal step is accomplished, the chip
remains on the hotplate at 69°C for about 30 minutes and then is cooled down to room
temperature over about 20 minutes. The chip is then undergone with the UV illumination
of 1.4 J/em? through the PET film. Next, the sample is put on a hotplate, initially at 65°C.

The temperature is then ramped up to 95°C' over about 4 minutes, remaining constant at

26



Table 5: The two-step (65°C' followed by 95°C') soft-bake duration times (minutes) as well as the bonding
temperature for different SU8 layers used in the reinforcement step.

Thickness of SU8 (um) duration time (min) at duration time (min) at Bonding temperature (°C')
65°C 95°C

7 0 1 95

15 1 1 85

22 2 1.5 75

95°C' for 20 minutes, and decreases to room temperature over about 30 minutes to complete
the sealing step (Fig. 18 (Sa5) and (Sag)).

In order to reinforce the bonding strength or avoid the potential deformation of the PET
film in highly pressurized flows, and based on the severity of the height non-uniformity of the
bare side of the PET film, a SU8 layer with a thickness of 7 ym, 15 um, or 22 um is spun on a
glass substrate and baked according to Table 5. Next, the fabricated chip is put on a hotplate
initially at 65°C'. The temperature is then ramped up to the bonding temperature shown in
Table 5 at a rate of about 7°C'/min. The SU8-covered reinforcement glass is then put on the
same hotplate. After one minute, the reinforcement glass is flipped over, and brought into
contact with the PET film, and the air bubbles are removed using tweezers (Fig. 18 (R ;)
and (Ri,)). It is worth mentioning here that the microchannel blockage is not a matter of
concern in this step, since the SU8 layers forming the microchannel sidewalls have already
been cured. The chip remains on the hotplate for 10 minutes and then cools down to room
temperature at a rate of about 3°C'/min. The chip is then undergone with UV illumination
of 2.1 J/em? through the reinforcement glass, followed by baking on a hotplate, initially
at 65°C'. The temperature is then ramped up to 95°C' over about 4 minutes, remaining
constant at 95°C for 10 minutes, and then decreases to room temperature at a rate of
about 3°C'/min to finish the bonding reinforcement step (Fig. 18 (Ros) and (Rag)). A more
detailed and step-by-step description of the two-step SU8 bonding paradigm can also be

found in Appendix.
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Methodology

Experimental

Device fabrication

The microchannels are made through SU8 photo-lithography on or wet etching of glass
substrates, and sealed by the SU8-coated PET film, with and without reinforcement. A
PDMS interconnect is then bonded on the top of the glass slide after a short and gentle
oxygen plasma treatment of both PDMS and glass surfaces. Since the via-holes in the glass
substrate are rather big (2 mm in diameter), an acceptable alignment between the via-holes
in the glass and the corresponding holes in the PDMS interconnects is achieved by eyes
quickly after the oxygen plasma treatment, and before the PDMS interconnect is brought in

contact with the glass substrate, as shown in Appendix.

Hydraulic tests

In order to apply a range of pressure differences across the channel, compressed gas is injected
into a large reservoir, containing DI water or other desired samples, located before the
microchannel, as a result of which the liquid is being pushed out of the reservoir from its
other port towards the inlet of the microchannel. A constant level of pressure can be applied
to the channel in this way as opposed to a use of a syringe pump, which is known to generate
a fluctuation in pressure. Furthermore, in order to measure the volumetric flow rate, the
liquid discharged through the chip is collected inside a vial, and its weight is measured over
time using an analytical scale. We have been able to investigate the pressure levels up to

about 345 kPa (i.e. 50 psi), where the utilized fluidic fittings start to fail.

Experimental setup for droplet generation

While hydrophobic materials such as PDMS and SUS8 are favorable to be used as the struc-
tural materials of the microchannels for water—in—oil droplet generation, the hydrophobic

nature of its surface makes the microfluidic channel fully made of SU8 inappropriate for
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oil-in—water droplet generation. SU8 can be efficiently rendered a hydrophilic surface using
an oxygen-plasma treatment [140]. However, after the microchannel is sealed, the oxygen
plasma might not be an efficient option, particularly when it comes to shallow and long mi-
crochannels. Hence, in this work, the microfluidic chips are put on a 55°C' hotplate, and the
channels are rinsed with the chromium etchant (from Sigma-Aldrich) that contains 10-20 %
Ceric Ammonium Nitrate (CAN). The SU8 treatment with CAN has already been demon-
strated as an efficient approach to render the SU8 surface to be hydrophilic with water—-SUS
contact angles as low as 10°-40° [141,142]. One can use Ethanolamine for further decreasing
the contact angle if needed [141-143]. An interesting work by Sobiesierski et al. [142] shows
the contact angle increases up to about 60° and 19° after two weeks from the SU8 treatment
with CAN and ethanolamine, respectively, and remains almost constant over more than 70
days. After the chemical treatment of the SU8 innermost surfaces of the microchannel with
CAN, the channels are washed for 30 minutes with DI water being injected through the
channel. The device is then ready to be used for its main mission.

In order to generate oil-in—water droplets, DI water is used as a continuous phase, while
0.01 M sodium dodecyl sulfate (SDS from Sigma-Aldrich) is added to stabilize the droplets,
and 0.01 M fluorescein sodium salt (from Sigma-Aldrich) is dissolved in the solution to
visualize the continuous phase. In order to uniformly mix the solution, a one-hour sonication
in an ultrasonic bath is performed. A dispersed phase, on the other hand, is hexadecane
(from Sigma-Aldrich). Both continuous and dispersed phases are filtered using a PTFE
0.45 pm filter, and are then degassed for one hour under vacuum before being used. The
microchannels are also washed for 20 minutes with DI water being injected through the

channel before doing the main experiments.

Modeling

The pressure drop across a straight, non-deformable, and rectangular channel of height H,

width W, and length L, entirely filled with a liquid with a dynamic viscosity of p, with no
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bubbles present, can be obtained using the following exact solution [18]:

apl

Ap = 2HE 2

P= @ (2)
< 1192 H WAl

aﬁ*‘%mﬁme%ﬁ] 3)

where Ap, and () refer to the pressure difference across the channel, and the volumetric flow
rate passing through the channel, respectively. The parameter a can be approximated as
follows:

H -1
a= 12[1 - 0.630W} , for H<W (4)

The approximated expression in Eq. 4 becomes more accurate as the aspect ratio H/W
decreases. For the worst case of the square channel with H = W, the error is around 13%,

while for the channel with an aspect ratio of a half, H = W/2, the error is down to 0.2% [18].

* Hybrid zero-dimensional-fluid-mechanics—three-dimensional-solid-mechanics

modeling:

The presented exact solution is valid for one-dimensional Poiseuille flow. For a microchan-
nel with the PET film as its deformable ceiling (without reinforcement), the local fluid flow
pattern does not change sharply across the channel if the deformed ceiling slope is small (i.e.
PET film deformations much smaller than the channel width). In these circumstances, the
streamlines are still acceptably parallel. Hence, as a primitive model for the volumetric flow
rate through a microchannel with ceiling deformations much smaller than the channel width,
the exact solution presented for the Poiseuille flow is still used in this work. However, the
average height of the deformable channel, H, is used in Eqs. 2 and 4. The average height is a
function of the pressure difference across the channel: H(Ap) = Hy+0(Ap), where Hy shows
the original height of the channel without any ceiling deflections, and 6(Ap) refers to the

average displacement of the PET film under the pressure difference of Ap across the channel.
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Figure 19: The schematic presentation of the three-dimensional model for the structural mechanics analysis
of the PET film as the ceiling of a straight microchannel. The width of the bonding interfaces is considered
to be equal to that of the wet surface (PET-liquid interface). The boundary conditions are as follows: the
bonding interfaces are fixed. The wet surface experiences a pressure, which linearly decreases along the
channel. The lateral sides of the PET film have the free boundary condition. The back side of the PET film
has also the free boundary condition if the channel is not reinforced. Otherwise, the back side of the PET
film is fixed.

By assuming a linear pressure variation along the channel, the displacement contour of the
PET film is obtained through the three-dimensional structural mechanics modeling.

The three-dimensional model for the structural mechanics analysis of the PET film, as
the ceiling of a straight microchannel, is shown in Fig. 19. The boundary conditions are
considered as follows: (1) the bonding interfaces are fixed, (2) the wet surface (PET-liquid
interface) experiences a pressure, which linearly decreases along the channel: p(x) = py X
(1 — /L), where py is the applied pressure at the inlet of the microchannel, x shows the
distance from the inlet, and L refers to the microchannel length, (3) the lateral sides of the
PET film have the free boundary condition, and (4) the back side of the PET film is fixed if
the channel is reinforced, or has the free boundary condition if the channel is not reinforced.
Furthermore, the PET film’s thickness is 190 pum, and its Young modulus, Poisson’s ratio,
and density are 3 GPa, 0.4, and 1350 kg/m3, respectively. The COMSOL 5.2 software is
utilized to numerically solve the governing equations. After finding the displacement contour
of the PET film, the average height of the channel is obtained. The volumetric flow rate
is then approximated by substituting the obtained average height in Eqs. 2 and 4. For the
flow analysis, the density and dynamic viscosity of water are considered to be 10® kg/m?
and 1073Pa - s, respectively.

Figure 20 shows the schematic presentation of the three-dimensional model for the struc-
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Figure 20: (top left) A camera picture of a multi-height deep—shallow microfluidic channel together with (top
right) the schematic presentation of the three-dimensional model for the structural mechanics analysis of the
PET film as the ceiling of the channel, as well as (bottom) the schematic presentation of the zero-dimensional
model for the fluid flow analysis. The various areas of the deep—shallow microchannel are described in the
following.

(1): The bonding interfaces.

(2) and (6): The areas connecting the inlet/outlet ports to the deep and wide portions of the channel.

(3) and (5): The deep and wide portions of the channel.

(4): The shallow and wide portion of the channel.

The pressure values at different nodes (p; : ¢ = 1 to 6), shown in the bottom schematic, together with the
volumetric flow rate through different branches of the channel, as well as the structural behaviors such as the
PET film’s deformation, strain and stress distribution, etc., are obtained by solving the coupled equations
of the zero-dimensional-fluid-mechanics—three-dimensional-structural-mechanics model using an iterative
approach.

tural mechanics analysis of the PET film as the ceiling of a multi-height deep—shallow mi-
crochannel together with a camera picture of a typical deep—shallow channel.

(a) Solid mechanics aspect of the modeling — the appropriate boundary conditions
are assigned to various areas of the PET film, shown in Fig. 20 (top), as described in the
following. The bonding interfaces, areas (1), are fixed. In addition, the PET film in the
areas connecting the inlet/outlet ports to the deep and wide parts of the channel, areas (2)

and (6), shows a negligible deflection, since the microchannel width is small enough not to
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create noticeable deformations. Hence, the wet surface of the PET film in areas (2) and (6)
is also assumed to be fixed. Furthermore, the pressure is assumed to linearly change through
every segment of the microfluidic network shown in Fig. 20 (bottom). As a result, the areas
(3), (4), and (5) have the variable pressure boundary conditions as described in Eqs. 5-7,
wherein L; refers to the length of the area (¢), and p; shows the pressure value at the node

Jj depicted in Fig. 20 (bottom).

P (@) = 2+ B (2 — L) (5)
3
P (@) = ps + P @ = Ly — Ly) (6)
4
ps)(@) = ps+ B (o = Ly — Ly — L) (7)

Ls
Moreover, the lateral sides of the PET film have the free boundary condition. The back
side of the PET film also has the free boundary condition if the channel is not reinforced.
Otherwise, the back side of the PET film is fixed.

(b) Fluid mechanics aspect of the modeling — the hydrodynamic resistance of any
segment, like 9, in the microfluidic network is defined by Eq. 8, where L,,, Wy, and H,, refer
to the length, width, and height of the segment v, respectively.

12,LLL¢

pu— 8
Wy H3(1 - 0.635) ®)

Ry

The pressure difference across the segment 1 is also related to the volumetric flow rate of this
segment using Ap, = R,Qy. Furthermore, the average height of the microchannel in the
area (i), where 7 is 3, 4, or 5, is the summation of the original height, Hy;, and the average
displacement of the PET film, 6(i), in those areas: H(i) = Hy,; + 0(i). It should be noted
that §(i) = 0, if the bonding reinforcement is done. In that case, the channel geometry, and
consequently the hydrodynamic resistances can be calculated without studying the solid-
mechanics model. In other words, the solid- and fluid- mechanics models are decoupled

in presence of the bonding reinforcement. However, if the bonding reinforcement is not
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performed, the PET film can displace in the wide areas (3), (4), and (5). In this situation,
the solid- and fluid- mechanics models are coupled. The governing equations of the coupled
fluid—solid mechanics model are solved in an iterative manner: a set of initial values is
considered for the pressure at different nodes, p;. We consider p, = p3 = po, where py is the
pressure applied at the inlet of the channel, and p, = p5s = 0. The solid-mechanics equations
are then solved to obtain the PET film displacement contour and the average displacement
in different areas. The average displacement is used to modify the average height of the
channel in different areas. Thereafter, the fluid-mechanics equations are solved, and the
pressure is obtained at different sections of the channel. The solid-mechanics model can
then be studied again. This procedure is repeated until the converged results are achieved

(less than 10 iterations showed enough accuracy in this work).

Results

Two-step SU8 bonding paradigm’s outcome

Figure 21 shows the optical microscopy and SEM images of a serpentine microchannel with
the innermost surfaces fully made of SU8. In order to create the microchannel sidewalls,
a 1.5 pum-thick SU8 layer was spun on the glass substrate to form one of the sidewalls.
The lateral sidewalls were patterned using a 2.1 um-thick SUS8 layer. In order to seal the
microchannel sidewalls, a 2 pum-thick SU8 layer spun on the PET film was brought into
contact with the SUS8 sidewalls. In addition, a glass substrate coated with a 7 pm-thick
SU8 layer was used in the bonding reinforcement step. As shown in Fig. 21 (a) and (b),
void-free bonding on a large area of microchannels with small dimensions can be obtained
using the proposed SU8 bonding paradigm. The very small thickness of the SU8 sealing
layer (2 pm) plays a key role in achieving such small microfluidic networks on a large area,
because it reduces the risk of the channel blockage due to the SU8 reflow in the sealing step.
The PET film, on the other hand, makes the idea of using such a thin SUS8 layer practical

thanks to the high compliance of the substrate that promotes the conformal contact, while
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Figure 21: (a) An optical microscopy image showing the center of a serpentine microchannel about 4 um
and 15 pm in height and width, respectively, sealed by a 2 um-SU8-covered PET and reinforced by a 7 um-
SU8-covered microscope slide, together with (b) a higher magnification image of the U-turns. (¢) An optical
microscopy image showing the cross-section of the channels, as well as (d) a higher magnification (100X)
optical microscopy image, and (e) a (7.00k) SEM image of a single channel. The SU8 adhesive layer on the
PET film has flown towards the sidewalls during the sealing step due to the capillary action. The dashed
line has been added to the SEM image to more clearly specify the bonding interface. Scale bars: 500 pum in
(a), 100 pm in (b) and (c), 20 wm in (d), and 3 pm in (e).

it is very difficult to obtain a conformal and leak-free sealing using a rigid substrate such as
glass, silicon, etc., which is coated with such a thin adhesive layer. This fact can be clearly
realized by comparing the two bonding outcomes after the sealing, and the reinforcement
steps. In the sealing step, the bonding is done between a rigid substrate and a flexible
film, while in the reinforcement step, neither of the substrates is flexible. As shown in
Appendix, there is almost no air bubble trapped between the PET film and the glass slide
with the microchannel sidewalls. However, there are some air bubbles trapped between
the PET film and the glass substrate during the bonding reinforcement step. It should be
noted that the bubbles, which are formed during the bonding reinforcement step, do not

adversely affect the microchannels, since the channels have already been cured and sealed

before the commencement of the bonding reinforcement step. More discussion can be found
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in Appendix.

SUS reflow is inevitable for any bonding technique that uses an uncured SU8 adhesive
layer at a temperature above the SU8 glass transition temperature. However, the influential
parameters such as the baking times and bonding temperature can be optimized to reduce
the SUS reflow [100,102,109]. In order to investigate the SU8 reflow during the sealing step,
the chip has been diced. After polishing, the cross-section has been examined under the
optical microscope as well as the SEM (Fig. 21 (c—e)). It can be perceived that the shallow
microchannels with small patterns can be fabricated without the channel clogging problem.

Moreover, the cross-section SEM image, shown in Fig. 21 (e), reveals that the SU8 adhe-
sive layer on the PET film has flown towards the hydrophobic sidewalls during the sealing
step due to the capillary action. As a result, the channel height increases to about 4 um
in the center of channel, which is about 2 um larger than that dictated by the spin coating
process of the lateral sidewalls (i.e. 2.1 um). The SU8 reflow also causes a shrinkage in the
microchannels width, that based on our experiments, can be as large as about 5-10 pm (i.e
2.5-5 pum for each sidewall in average). In this work, this amount of SU8 reflow is considered
to be acceptably small for the shallow microchannels.

Furthermore, as shown in Appendix, the microchannel width shrinkage becomes less
noticeable for a larger channel (100 pm in width and 30 pm in height), since the capillary
action decreases for channels with larger cross-section dimensions. The small thickness of
the SU8 adhesive layer in comparison with the channel dimensions makes the SU8 reflow
even less important. As explained in Appendix, the oxygen plasma treatment of the SUS8
sidewalls significantly impedes the SU8 reflow by providing a hydrophilic barrier against
the flow of the hydrophobic SUS8 adhesive layer on the PET film. It is shown that the
channel dimensions remain the same as dictated by photo-lithography in case the sidewalls
are treated with oxygen plasma (i.e. hydrophilic lateral sidewalls), since there is no reflow
of the hydrophobic SU8 towards the hydrophilic sidewalls, while the SU8 reflow in absence
of the oxygen plasma treatment of the sidewalls (i.e. hydrophobic lateral sidewalls) causes

an about 50%-reduction in the thickness of the adhesive layer in the middle of channel.
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Figure 22: (a) A camera picture as well as (b) a cross-section optical microscopy image of a microfluidic
channel about 3 yum in height fabricated through the wet etching of the glass following by the sealing step
using a PET film coated with a 2 pum-thick SU8 layer without reinforcement. Scale bar = 20 um in (b).

In order to demonstrate the compatibility of the developed SU8 bonding paradigm with
the glass-etching-based microchannel fabrication techniques, the sidewalls of a shallow mi-
crofluidic channel about 3 um in height, are fabricated through the glass wet etching. The
microchannel sidewalls are then sealed using a PET film coated with a 2 pm-thick SU8
layer, as shown in Fig. 22. A void-free sealing can be seen in Fig. 22 (a). In addition, the
cross-section image of the channel in Fig. 22 (b) shows an undercut about 10 um wide due to
the isotropic nature of the etching process, as well as the SU8 reflow that fills the undercut
volume, which results in a rectangular cross-section with round corners.

The flexible PET film makes the bubble removal process much more efficient, enabling
the fabrication of shallow and long channels (Appendix) using a thin SU8 adhesive layer.
On the other hand, the fact that the PET film is sturdy enough not to sag noticeably under
its weight can be utilized to fabricate shallow microchannels with ultra-low height—to—width
aspect ratios by not applying pressure on the channel area of the film during the sealing step.
As an example, a microchannel 2 pm in height, 2 mm in width in its widest portion, and
90 pm in width in its narrowest portion is shown in Fig. 23. Figure 23 (a) demonstrates that
because of the flexibility of the PET film a conformal contact can be achieved using a 2 um-
thick-SU8 adhesive layer, despite the fact that minor defects might exist at the bonding

interface due to the trapped air bubbles, small particles, etc. Such defects could hinder
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Figure 23: (a) A camera picture as well as (b) an optical microscopy image of a microfluidic channel 2 pm
in height, 2 mm in width in its widest portion, and 90 um in width in its narrowest portion, sealed by a
2 pm-SU8-coated PET film without reinforcement. Since a clear cross-section image cannot be taken for
such an ultra-low aspect ratio channel, a schematic of the cross-section is shown in (a) as well. Scale bar
=500 pm in (b).

obtaining a leak-free sealing using a rigid substrate such as glass, silicon, etc., unless a thick
enough adhesive layer was used, which would also make the shallow microchannel vulnerable
to clogging due to the SUS8 reflow during the sealing step. An optical microscopy image of
the void-free and conformal sealing is also shown in Fig. 23 (b) without any channel clogging
at the narrow or wide parts of the device. Such a shallow microchannel with an ultra-low
aspect ratio of 1073 is extremely challenging, if possible, to be fabricated via PDMS-based
soft lithography [132-136], or the available SU8 bonding techniques. In particular, in the
bonding approaches relying on the lamination [103,130], the uniform pressure applied by
the lamination device during the bonding process causes the sagging of the cover substrate,
which can easily result in the channel clogging for the wide and shallow microchannels. For
example, by using a lamination-based bonding technique, Wangler et al. [130] fabricated
a microchannel of 45 pum in height and 2 mm in width, that to the best of the author’s
knowledge, shows the lowest height—to-width ratio (2.25 x 1072) in the microfluidics context,
yet is still more than one order of magnitude larger than that presented in this work.

After demonstrating the sealing and reinforcement of microchannels with widths ranging

from 15 pum to 2 mm, heights from 2 pum to 30 pm, and lengths from 5 mm to 6 cm, it
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Figure 24: (a) A camera picture showing a microchannel consisting of deep (height= 77 wm) and shallow
(height= 2 pm) regions, together with the (inset) schematic side-view of the microchannel, where Hy= 77 um
and Hg= 2 um, as well as (b) a microscope image of another double-height microchannel, which is 32 ym and
7 pm high in deep and shallow regions, respectively. The channel is symmetric with respect to the horizontal
dash-dotted line. The edges of the lower half of the shallow region are also shown with the dashed lines.
Both of the microchannels in (a) and (b) are sealed using the 2 pm-thick-SU8-coated PET film without
reinforcement. The scale bar =5 mm in (b).

should be noted that the sealing—and—reinforcement paradigm is still applicable to fab-
ricate larger channels. In particular, one might utilize the optimized recipes developed by
other researchers for spin coating highly uniform and much thicker SU8 layers [99], if the
microchannels fully made of SU8 with larger heights are desired to be fabricated through the
sealing—and—reinforcement paradigm. On the other hand, for the case that the microchan-
nel sidewalls are made through the glass wet etching, there is no upper limit for the accessible
microchannel height as long as the mask used for protecting the glass remains intact during
the wet etching process. Since the etching process does not cause height non-uniformities

on the protected areas, the thin SUS8 layer-coated PET film can still be used for sealing the

etched microchannel sidewalls with much larger heights.

Multi-height deep—shallow microchannels

A camera picture showing a microchannel consisting of deep and shallow areas is presented
in Fig. 24 (a). By using the fabrication process, which is explained earlier and illustrated

in more detail in Appendix, the sidewalls of the microchannel are created through glass
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etching. The microchannel height is 77 um and 2 pm in the deep and shallow regions,
respectively. The created sidewalls are then sealed using a 2 pm-thick-SU8-coated PET
film. The shallow zone in this microchannel is 6 mm x 4 mm. It can be perceived that the
center of the microchannel shows a light reflection different from that of the other areas,
because of having a different depth, and consequently a distinct light-sample interaction.
The ultra-low height—to—width ratio (5x10~*) for the shallow region (2 um:4 mm) is about
two orders of magnitude smaller than the lowest aspect ratio (2.25 x 1072) that the author
found for the microchannels in the literature [130]. It should be noted that we have been
able to fabricate the rectangular channels with the smaller side as large as 8 mm, and with a
height as small as about 2 um, i.e. the height-to-width ratio of 2.5 x 10~%, but the yield of
the fabrication technique decreases noticeably for channels larger than 6 mm x 6 mm, due
to the higher risk of the PET film sagging and the consequent channel (partial) clogging.
The three key aspects of the proposed SU8 bonding paradigm allowing us to fabricate
microchannels with the ultra-low aspect ratios are (1) the PET film’s flexibility, achieving
a conformal sealing even by using a thin adhesive layer, while the rigid substrates such as
glass, silicon, etc., necessitate using the thicker adhesive layers to accomplish a conformal
sealing, which increases the risk of channel clogging, (2) the line-by-line bubble removal
process, that allows applying different levels of the pressure selectively on various areas of
the channel with no pressure on the wide areas, prone to be clogged due to the PET film’s
potential sagging, and (3) the PET film’s sturdiness, which helps to avoid its significant
sagging under its weight. As another demonstration, the microscope image of a microfluidic

device consisting of deep (32 wm) and shallow (7 pm) microchannels are shown in Fig. 24
(b).
Pressure-drop vs. flow rate and bonding strength tests

In this section, the bonding strength of the proposed two-step sealing—and-reinforcement
paradigm, together with the potential deformation of the flexible PET film and its effects on

the volumetric flow rate passing through the microchannels with and without reinforcement
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Figure 25: (a) The DI water volumetric flow rate through a straight channel 7.3 pum, 1.55 mm, and 8 mm
in height, width, and length, respectively, sealed using a PET film coated with a 7 um-thick SUS layer
with and without reinforcement, as a function of pressure difference across the channel in comparison with
the theoretical results for a non-deformable channel with the same dimensions [18] (Egs. 2 and 4), and the
modeling for the deformable low aspect ratio channel. (b) The DI water volumetric flow rate through a
straight channel 2.2 pm, 2.5 mm, and 7 mm in height, width, and length, respectively, sealed using a PET
film coated with a 2 pm-thick SU8 layer without reinforcement in comparison with the theoretical results [18]
for a non-deformable channel with the same dimensions, and the modeling for the deformable low aspect
ratio microchannel.

is investigated by using the experimental, theoretical, and numerical simulation tools. The
two approaches of SU8 photo-lithography and glass wet etching are used to establish the

pattern of the microchannel sidewalls.

PET film deformation and its effects on volumetric flow rate

Two microchannel geometries are studied here: Microchannel A, which is 7.3 pm, 1.55 mm,
and 8 mm in height, width, and length, respectively, and Microchannel B, which is 2.2 pum,
2.5 mm, and 7 mm in height, width, and length, respectively. The variation of the volumetric
flow rate through Microchannel A with and without reinforcement, is shown in Fig. 25 (a)
as a function of the pressure difference across the channel. The theoretical results for a non-
deformable channel with the same dimensions, as well as those of the described model for the
deformable microchannel are also presented. As shown, the volumetric flow rate—pressure
characteristic curve related to the microchannel with reinforcement is in good agreement with
the theoretical results for a non-deformable channel. On the other hand, the microchannel

without reinforcement shows more deviations from the linear behavior of the non-deformable
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channel as larger pressure differences are applied across the channel because of the PET film
deformation. It can be seen that this behavior is acceptably predicted using the described
model for the low-aspect-ratio microchannels with a deformable ceiling.

It should be noted that the term H? in Eq. 2 intensifies the dependency of the volumetric
flow rate upon the PET film deformation. Furthermore, the PET film deformation, yet small,
becomes comparable with the shallow microchannel’s height under high enough pressure
levels, as a result of which the volumetric flow rate—pressure characteristic curve noticeably
deviates from that of a non-deformable channel with the same dimensions. This fact is
reflected in Fig. 25 (b), where the variation of the volumetric flow rate through Microchannel
B is presented. A significantly larger volumetric flow rate through the deformable channel
can be seen in comparison with that expected from the theory for a non-deformable channel
with the same dimensions. At 345 kPa, the microchannel without reinforcement delivers
a volumetric flow rate of 318 ul/min, which is more than 40 times larger than that of a
non-deformable microchannel with the same dimensions (6.55 pl/min).

Displacement contours of the PET film obtained from the structural mechanics modeling
at the pressure difference of 345 kPa across the two investigated microchannels without
reinforcement are shown in Figs. 26 (a) and (b). The displacement profile of the PET film
in the middle of the microchannel B is also shown in Fig. 26 (c) for different pressures. The
analysis shows that under the pressure difference of 345 kPa across this microchannel, the
maximum displacement of the PET film is about 24.1 um, 10.4 pum, and 1.6 um at the inlet,
mid-channel, and outlet sections, respectively. The average of the PET film deformation
is also about 5.99 um, which is almost three times as large as the original microchannel
height (2.2 pum). This is the reason that this deformable microchannel can deliver a much
larger volumetric flow rate than that of the non-deformable microchannel with the same
dimensions (Fig. 25 (b)). Such an ultra-low aspect ratio microchannel with deformable
ceiling might find applications in the relevant areas such as the microfluidic valves [144],
micromixers [72, 73], fluidic capacitors [75], fluidic variable resistors [76], selectively control

of the species transport [145], etc.
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Figure 26: The displacement contours of the PET film under the pressure difference of 345 kPa across two
microchannels (a) A, and (b) B. (c) The displacement profile of the PET film in the middle of Microchannel
B at various pressures. (d) The average PET film’s displacement as a function of the pressure difference
across the microchannels. Microchannel A is 8 mm, 1.55 mm, and 7.3 um in length, width, and height,
respectively, while Microchannel B is 7 mm, 2.5 mm, and 2.2 pwm in length, width, and height, respectively.

Furthermore, the average displacements of the PET film under various pressure differences
across the two studied microchannels are presented in Fig. 26 (d). It can be seen that the
average deflection is linearly dependent upon the pressure difference across the channels due
to the linear elasticity framework that has been used for the structural mechanics analysis in
this work. Because of the assumption of the linear elastic behavior, this analysis is valid only
for the infinitesimal strains or small deformations. It is worth mentioning that the concept
of small strains is relative. For example, in the case of some of the traditional metals, by
the time the strain falls within the range of 10™* to 1073, the metal has already started
deviating from the elastic behavior [146]. This, however, does not mean that a larger strain
such as 0.01 is universally such a very large strain that the linearized theory of elasticity is
inapplicable. The strain needs to be considered in comparison with the limit of the elastic
range. In case of the PET film, the yield strength, i.e. the stress needed to induce a specified
amount of permanent strain, typically 0.2%, is about 30 MPa at room temperature [147].

Since the Young’s modulus of the PET film is about 3 GPa, the strains up to about 0.01 can

be still considered small enough for the linear elasticity framework to be reliably applicable.
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Figure 27: The contours of the PET film’s (a) first principal strain, and (b) von Mises stress obtained from
the fluidic-structural mechanics modeling of Microchannel A under the pressure difference of 345 kPa across
the channel, together with the PET film’s (c) first principal strain, and (d) von Mises stress for Microchannel
B under the same pressure. Microchannel A is 8 mm, 1.55 mm, and 7.3 pum in length, width, and height,
respectively, while Microchannel B is 7 mm, 2.5 mm, and 2.2 pm in length, width, and height, respectively.

The obtained first principal strain and von Mises stress contours of the PET film are
presented in Fig. 27 for the two investigated microchannels A and B under the pressure
difference of 345 kPa across the channels. It can be seen that the narrower microchannel
(A) has smaller strains and von Mises stresses in the PET film, while the maximum von
Mises stress in the wider microchannel (B) is about 28 MPa, which is close to the yield
strength. Hence, the wider microchannel operates close to the limit of the elastic range
under the maximum pressure difference applied to the channel in this work (345 kPa). As
a result, the structural mechanics analysis of the PET film based on the linear elasticity,
and consequently the extracted average displacement of the PET film for the purpose of
modeling the volumetric flow rate are reliable for the two investigated microchannels under
the pressure differences up to 345 kPa. However, the plastic and permanent deformations

of the PET film might need to be taken into account for wider microchannels or larger

pressures.
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Figure 28: (left) The volumetric flow rate through the multi-height deep—shallow microchannel shown in
Fig. 24, sealed using a PET film coated with a 2 pym-thick SUS8 layer, without reinforcement, as a function
of pressure difference across the channel in comparison with the modeling results for the deformable and
non-deformable channels with the same dimensions. (right) The displacement contour of the PET film at
the pressure difference of 55 kPa across the multi-height deep—shallow microchannel, obtained by using the
coupled zero-dimensional-fluid-mechanics—three-dimensional-solid-mechanics modeling.

In the next step, the volumetric flow rate is studied at various pressure differences across
the double-height deep—shallow microchannel, which is sealed using a PET film coated with
a 2 um-thick SUS8 layer, without reinforcement. The geometry of the microchannel is similar
to that shown in Fig. 24 with the difference that the deep and shallow regions for the current
device are 26 pum and 5 um, respectively. The experimental results are shown in Fig. 28 (left)
in comparison with those of the modeling for the deformable and non-deformable channels
with the same dimensions. It can be seen that the discrepancy between the experimental
results and those of the modeling is about 25%, which is attributed to the following facts:
(1) The fluid flow deviates from the laminar regime, due to the large displacement of the PET
film. The displacement contour of the PET film at the pressure difference of 55 kPa across
the microchannel, obtained by using the coupled zero-dimensional-fluid-mechanics—three-
dimensional-solid-mechanics modeling, is shown in Fig. 28 (right). Because of the large PET
film’s deformation, the rather large Reynolds number of ~ 11 is produced, while under the
same pressure difference, the Reynolds number is about 0.4 and 0.04 for Microchannels A

and B shown in Fig. 26, respectively. The deviation from the laminar flow makes the rela-

tionship utilized for the hydrodynamic resistance, Eq. 8, less accurate.
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Table 6: The maximum allowed pressure difference across the 400 pm wide microchannels for different
fabrication approaches investigated in this work.

Approach Without piranha treatment With piranha treatment

Without reinforcement With reinforcement | Without reinforcement | With reinforcement

SU8 photo- || ~ 80 kPa > 345 kPa > 345 kPa > 345 kPa
lithography
Soda lime glass || ~ 30 kPa > 345 kPa > 345 kPa > 345 kPa

wet etching

(2) The large inertia forces cause the formation of vortices close to the steps, i.e. where the
deep and shallow regions of the channel meet, which necessitates more advanced theoretical
relationships or empirical correlations for a more accurate approximation of the hydrody-
namic resistances.

(3) The pressure variation is not necessarily linear through the ultra-low-aspect-ratio mi-
crochannels. This item will be investigated more later.

Finally, it should be noted that our experiments show a linear variation of the volumetric
flow rate (i.e. no dependency on the PET film deformation) as a function of the pressure
difference across a microchannel without reinforcement, which is 300 pm and 2.5 pm in width
and height, respectively (results not shown here). The structural mechanics analysis also
supports this observation, since the PET film’s maximum displacement under the pressure
difference of 345 kPa across the channel is almost 20 nm, which is two orders of magnitude

smaller than the microchannel height.

Bonding strength

In order to assess the bonding strength of the proposed SU8 bonding paradigm, the mi-
crochannels of about 400 um in width are fabricated through two approaches of SU8 photo-
lithography and glass etching. The maximum permissible pressure difference across the
channels are compared in Table 6 for different fabrication approaches. According to our
observations, the maximum permissible pressure difference across the channels is rather low
without piranha treatment of the glass substrate and reinforcement step, while adding ei-

ther the piranha treatment or the bonding reinforcement step to the process flow enables
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Figure 29: The von Mises stress profiles within the PET films sealing the 1 ¢m-long microchannels of (a)
400 pwm and (b) 1.55 mm in width, across the inlet (dashed lines) and outlet (continuous lines) sections. The
pressure difference across the channels is 345 kPa.

the devices to operate safely under the pressure of 345 kPa. The reason of such significant
improvement using the piranha treatment of the glass or the bonding reinforcement is that
the former improves the adhesion between the glass substrate and the SUS8 layer through
decreasing the surface energy [101,109], while the latter suppresses the PET film deforma-
tions and consequently decreases the maximum von Mises and shear stresses at the bonding
interface. A more quantitative account on the maximum bonding strength cannot be made
experimentally because of the connection failure at 345 kPa, yet a deeper insight can be
obtained using the previously described fluid-structural mechanics modeling.

The von Mises stress profiles within the PET films sealing the 1 ¢m-long microchannels
of 400 um and 1.55 mm in width, under the pressure difference of 345 kPa, are presented in
Fig. 29. Tt can be perceived that the maximum von Mises stress is formed close to the edges
of the bonding interfaces at the inlet section. Since the pressure decreases along the channel,
the PET film experiences the lower von Mises stresses as it gets farther away from the inlet
section. Furthermore, the modeling shows that the maximum von Mises stress within the
PET films is one and two orders of magnitude larger than the pressure difference applied
across the 400 um and 1.55 mm wide microchannels, respectively. The reason is that the

PET film deformations and consequently its von Mises stress increase with the microchannel
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width. This finding explains how the bonding reinforcement step significantly increases the
maximum pressure difference that can be applied across the microchannels, as shown in
Table 6. The bonding reinforcement step keeps the maximum stresses in the same order of
magnitude as that of the pressure difference applied across the channel through quelling the
PET film deformations.

Microchannels of 5 mm in width, with and without reinforcement, are fabricated through
glass etching followed by the sealing step using a 2 pum-thick-SUS8-coated PET film after
the piranha treatment of the glass substrate. The pressure drop vs. flow rate experiments
show that the pressure differences as large as 345 kPa can be safely applied across the
reinforced microchannel. However, in absence of the bonding reinforcement, the pressure
difference across the channel can be as high as about 55 kPa, above which the SU8 bonding
fails. The modeling shows that the maximum von Mises stress is about 8.4 MPa when the
bonding fails. Thus, we predict that the proposed SU8 bonding paradigm is strong enough
for the reinforced microchannels, made through the glass wet etching process, to safely
operate under the pressure levels up to about 8.4 MPa. This prediction is in good agreement
with the reported values for the SU8-glass bonding strength [99,109]. A similar analysis
leads us to the conclusion that the bonding strength is even larger (above 25 MPa) for the
microchannels made through the SU8 photo-lithography approach, with a hard-baked thin
SUS layer between the piranha-treated glass substrate and the SU8 patterns of the channel
sidewalls. The reasons are that (1) the adhesion of the SU8 interfaces is greater than that
of the SU8-glass substrate [99, 101], and (2) a thin SU8 layer (O(1 wm)), which is spun
on the glass substrate, cured, and hard-baked at a high enough temperature (~ 170°C')
shows a much stronger adhesion with the glass surface in comparison (a) with the adhesion
between the thick SU8 layers and the glass substrate [101, 148], as well as (b) with the
adhesion of the SUS8 layers that are brought in contact with the glass substrate at a low
temperature and pressure, similar to what happens when the microchannel sidewalls, etched
in a glass substrate, are sealed using a SU8-coated PET film. The strong adhesion of the

SU8/SUS8 and thin-SU8/piranha-treated-glass interfaces, therefore, causes the SU8-photo-
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lithography-based approach to deliver a bonding strength noticeably higher than that of the

glass-etching-based technique.

Droplet generation

In order to generate oil-in—water droplets, the microfluidic chips with the innermost surfaces
fully made of SU8 with the same geometry as shown in Fig. 23 are utilized. After rendering
the SU8 innermost sidewalls a hydrophilic property using a post-bonding chemical treatment
with CAN, as described earlier, the dispersed phase is injected using a syringe pump through
the central channel shown in Fig. 23 (b), which is about 90 pm in width, while the continuous
phase is injected through both the lateral 170 pm-wide channels using another syringe pump.
The underlying mechanism of the droplet formation is based on the instability of the oil phase
at a sudden expansion in the geometry, which has already been demonstrated [149, 150]. In
this work, however, the droplets are formed at the interface of the microchannel and the
central outlet’s large reservoir (2 mm in diameter), which makes the fabrication process much
more straightforward, since the expansion in the geometry is created simply at the interface
of the microchannel and the drilled via-holes, instead of using more complex fabrication
techniques to create a step-shaped expansion. The generated droplets are then collected
from the outlets. The generated droplets using the microchannels 6 pum and 15 pm in
height with the continuous phase to the dispersed phase volumetric flow rate ratio equal
to 26 pl/min : 14 pl/min and 90 pl/min : 1 pl/min are shown in Fig. 30 (a) and (b),
respectively. More than 90% of the generated droplets have a diameter in the range of

13 £ 2 pum and 47 4+ 3 pum for the microchannels 6 pm and 15 um in height, respectively.

Conclusion

In this work, a two-step sealing—and—reinforcement SU8 bonding paradigm was proposed.
In the first step, a conformal and leakage-free sealing is created for the microchannel side-
walls using a PET film coated with a thin SUS8 layer, while in the second step, the PET film

is reinforced using a SU8-coated rigid glass substrate. The key components of the proposed
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Figure 30: The oil-in-water droplets generated using a microfluidic device about (a) 6 um and (b) 15 um
in height. The continuous phase to the dispersed phase volumetric flow rate ratio is 26 pl/min : 14 ul/min
and 90 pl/min : 1 ul/min for (a) and (b), respectively. Scale bars are 50 um and 500 pm in (a) and (b),
respectively.

bonding paradigm can be summarized as follows: 1) a thin SU8 adhesive layer that allevi-
ates the channel clogging difficulties due to the SUS8 reflow, enabling the sealing of the small
microchannels, 2) the PET film’s flexibility that allows achieving a conformal sealing on a
large area even by using a thin adhesive layer, 3) the PET film’s sturdiness that enables the
sealing of the ultra-low aspect ratio microchannels (e.g. 2 pm in height and 6 mm in width)
without sagging and channel clogging, and 4) the reinforcement of the PET film, which
suppresses the PET film deformations and strengthens the bonding quality. The developed
bonding paradigm was successfully implemented to seal the microchannel sidewalls that were
made through 1) the SU8 photo-lithography to fabricate microchannels with the innermost
surfaces fully made of SU8, and 2) the glass wet etching. Furthermore, the fabrication of
the multi-height deep—shallow microchannel sidewalls, and their sealing using a SU8-coated
PET film were demonstrated. The oil-in-water droplets were generated using microfluidic
devices with the innermost surfaces fully made of SUS8, after rendering the SUS8 sidewalls
to be hydrophilic using a post-bonding treatment with Ceric Ammonium Nitrate. Two mi-
crochannels with different heights of 6 um and 15 pum were used to generate the 13- and
47-micron droplets. The proposed SU8 bonding paradigm provides a high quality bonding,

with the capability of fabricating shallow microchannels with ultra-low aspect ratios, or with
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small patterns on large areas. This technique is inexpensive, since it does not need compli-
cated instruments such as wafer bonding machine and laminate device. The aforementioned
advantages together with its compatibility with different fabrication methods such as SUS8
photo-lithography and glass wet etching for making the microchannel sidewalls are some
of the indications that the two-step sealing—and-reinforcement SU8 bonding paradigm will

provide more capabilities to the rapidly growing MEMS and LOC areas.
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Chapter 3: Low-Reynolds-number
incompressible fluid flow through

straight deformable microchannels

Questions
The main questions of this research are enumerated in the following.

e Can a master curve be found for volumetric flow rate versus pressure drop of ar-
bitrary low-Reynolds-number incompressible flows of Newtonian fluids through de-

formable straight channels?

e What parameters can cause the characteristics of fluid flows through flexible microchan-

nel to differ from those of the rigid counterpart? How important is each parameter?

e The pressure variation through the channel is unknown. How erroneous would the
linear-pressure-variation assumption be for various channel geometries, membrane prop-

erties, pressure differences, etc?

Mbotivations

Deformable microchannels are widely used by lab-on-a-chip and MEMS communities. How-
ever, it is difficult to find experimentally all the structural-fluid characteristics such as the

membrane deflection, stress distribution, pressure variation through the channel, etc. On
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the other hand, the three-dimensional modeling of the deformable microchannels is time
consuming. These difficulties motivate us to develop a simpler and more intuitive frame-
work to provide a deeper insight into the structural-fluid characteristic behavior of the fluid
flow through the deformable microchannels by using a one-dimensional theoretical coupled

solid-fluid mechanics modeling.

Objectives

The main objective of this research is to obtain a deeper insight into the fluid-solid interac-
tions as well as the effects of the different parameters on the structural-fluid characteristics
of the fluid flow through the deformable microchannels with low aspect-ratios. A master
curve is also expected to be found for flow rate vs. pressure drop, valid for any arbitrary

pressure difference, channels dimensions, and membrane properties.

Introduction

While the rapidly-growing microfluidics technology has already permeated through many
aspects of the molecular and biological sciences, the emerging field of deformable microfluidics
has been attracting an increasing attention during the last decade, enabling a variety of
different applications such as developing fluidic circuits [75, 76], tunable optofluidic devices
[68], size-tunable droplet generation [70, 151], particle/cell separation [15,17,152,153], etc.
Shallow microchannels with a low height-to-width ratio, on the other hand, are important
for various bio-applications such as the label-free cell detection [20], immunoassays [13,138],
cell culturing [21], etc., where the underlying detection mechanism is based on the biospecies
interaction with the innermost surface of the microchannel. Under these situations, the
performance or detection limit can be improved by increasing the probability of interactions
of the target species and the wall surfaces through decreasing the channel height and/or
increasing the channel width.

Even though there are several experimental reports on the fluid-solid mechanics of a
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fluid flow within a deformable shallow microchannel [154-160], measuring the velocity and
pressure throughout the channel is still a serious challenge. The two-/three-dimensional
mathematical models have been, therefore, used to better understand the pertinent physics
[161,162]. For the mathematical modeling with the mutual fluid-solid interactions taken into
account, the pressure, as a property from the fluid mechanics domain, affects the membrane
deflection, as a parameter belonging to the solid mechanics domain. On the other hand, any
change in the microchannel geometry can alter the pressure and the velocity fields throughout
the microchannel. Hence, the solid and fluid aspects of this problem can be potentially highly
coupled, which makes it hard, if not impossible, to present an analytical solution for the
two-/three-dimensional models. The governing equations are, therefore, solved numerically,
which can be very time consuming [162], particularly for the shallow microchannels with
the ultra-low height-to-width-ratios because the grid size needs to be sufficiently small to
capture the variations of the parameters across the channel’s small height as well as its large
width and length.

One-dimensional modeling is considered as a fast and convenient tool for studying and
designing the deformable microchannels. Gervais et al. [134] proposed a mathematical model
for the rectangular microchannels with a thick deformable ceiling by means of the scale
analysis. They experimentally corroborated the proposed model with a fitting parameter
that led to the acceptable agreement between the experiments and the modeling. The
fitting parameter is dependent on the channel geometry as well as the physical properties of
the membrane and working fluid. Therefore, the model with the fitting parameters requires
experimental results and cannot be widely used [19, 157]. Relying on several assumptions
including the parabolic shape for the deflection profile of the thin membrane wall, Raj
and Sen [163] developed a one-dimensional model expressing the relationship between the
volumetric flow rate and the pressure difference across the microchannel, without the need
of the fitting parameters.

Christov et.al. [19] have more recently developed a one-dimensional coupled fluid-solid

mechanics model using the lubrication theory. The main idea behind the model is to assume
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each infinitesimal slice of the membrane (normal to the flow-wise direction) independently
deflects under the corresponding local pressure of the working fluid within the microchannel.
From the solid-mechanics point of view, an infinitesimal slice of the membrane is replaced
by a wide beam, the deflection profile of which is determined as a function of the local
pressure. This assumption necessitates the microchannel length to be much larger than
its width, which is also a basic assumption for the lubrication theory. From the fluid-
mechanics point of view, the lubrication theory suggests the Poiseuille flow to be locally
valid for the equivalent channel with the same cross sectional area dictated by the deflection
profile. This approximation provides a first-order ordinary differential equation, and from
its solution, a relationship is extracted between the local pressure and the volumetric flow
rate. Even though this framework was initially applied to the thin-plate-bending-dominated
ceiling deformation, the same strategy has been implemented to other elastic deformation
regimes of thick-plate-bending and stretching [162].

Christov et.al. [19] demonstrated the volumetric flow rate can be written as shown in
Eq. 9, where @ is the flow rate, Ap is the pressure drop, W is the channel width, Hj is the
undeformed channel height, L is the channel length, u refers to the fluid dynamic viscosity,
and D = Et3/12(1 — v?), in which ¢, E, and v refer to the membrane thickness, modulus of

elasticity, and Poisson’s ratio, respectively:

ApW H? 1wt
Q= 2P Ity 14— Ap
1211 480 D H,
1 W\’
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1 w4\’
A 3
" 664,215, 552 <DH0> b

By keeping only the leading-order elasticity contribution in Eq. 9, Christov et.al. [19] have

summarized the key result for the bending-dominated deformation as:

, ApWH} 3 (W\3/ W \/Ap . . . . . .
Q~ =L [1 + 1667 )°(77;)(F2) |, assuming an incompressible material, i.e. the Poisson

ratio v = 1/2. However, they have also pointed out in their paper that for a sufficiently large
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value of ApW*/D Hy, the higher-order terms become important in Eq. 9. To the best of our
knowledge there is no literature studying the low-Reynolds-number flows under the large
regimes of ApW*/D H, perhaps due to the lack of the fabrication method to create the ultra-
low height-to-width-ratio deformable microchannels. Most of the deformable microchannels
like those investigated in [162] show the relatively high Reynolds numbers and small values of
ApW*/DH,. The large regimes of this parameter and its effects on the fluid-solid mechanics
behavioral characteristics of the low-Reynolds-number fluid flows still remain unexplored.
In this chapter, we experimentally and mathematically investigate the wvolumetric flow
rate—pressure difference relationship for the shallow deformable microchannels with ultra-
low height-to-width-ratios. The microchannels of few millimeters in width and few microns
in height are fabricated by modifying our previously reported fabrication protocol [164] to
enable the membrane to freely deform, while the bonding reinforcement allows the high
pressure differences to be applied. This fabrication method enables us to uncover new fluid-
solid behavioral characteristics for the low-Reynolds-number flow, i.e. Re~ O(1072—10"1).
Our experimental results combined with the scale analysis of the model in [19] reveal that
various distinct fluid-structural characteristics emerge under different regimes of the flexi-
bility parameter. The flexibility parameter is a lumped variable in this work, reflecting the
effects of different parameters such as the microchannel dimensions, membrane properties,
and pressure difference across the channel. We show that introducing the flexibility param-
eter along with an appropriate form of dimensionless volumetric flow rate leads to a master
curve, which is valid for any arbitrary shallow and long deformable microchannel. For the
sufficiently small flexibility parameter, the characteristics match with those of the fluid flow
through the rigid microchannels, while the height-independent characteristics emerge for the
sufficiently large flexibility parameter. It is observed that the differences between the mi-
crochannel geometries result in the different flexibility parameters under the same pressure
difference across the channels, while a significantly large change in the pressure difference
across a fabricated microchannel with given geometry and membrane properties can alter

the flexibility parameter scale from one characteristic regime to another. It is shown that
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the microchannel width plays an important role in the fluid-solid characteristics; a relatively
small difference in the microchannels widths (~ 60%) can result in a one-order-of-magnitude
difference in the flexibility parameters, which can potentially cause two distinct fluid-solid
behavioral characteristics. Our further analysis provides a threshold for the flexibility param-
eter, by which the coupled and decoupled fluid-solid mechanics regimes are separated. Below
this threshold, the pressure varies linearly through the microchannel, while the assumption
of linear pressure variation becomes noticeably erroneous for the large flexibility parameters,
since the coupled fluid-solid interactions enforce a non-linear pressure distribution within the
channel.

The rest of this chapter is organized as follows. The mathematical aspect of this investiga-
tion is described first. The fabrication and experimental setup are then illustrated. Results

and discussion are presented afterwards. We conclude with a brief summary at the end.

Modeling

Analytical one-dimensional coupled fluid-solid mechanics model

In this section, we revisit the one-dimensional coupled fluid-solid mechanics model in [19] for
the fluid flow through the shallow microchannels. The governing equations and parameters
are, however, rearranged to provide a better insight into the underlying physics.

The schematic presentation of a fluid flow through a straight microchannel with a de-
formable ceiling is shown in Fig. 31. The model in [19] is based on the lubrication theory,
i.e. Hy < W < L, where Hy, W, and L refer to the microchannel original height with
no membrane deformation, width, and length, respectively. From the various types of the
elastic deformation studied in [162] such as thin-membrane-bending, thick-plate-bending,
stretching, etc., the thin-plate-bending framework is utilized in this work, since it suits the
configuration of the fabricated microchannels with a deformable thin PET (polyethylene
terephthalate) film. This framework requires dp.x < t < W, where .y is the maximum

displacement of the membrane and ¢ denotes the membrane thickness.
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(a) Outlet

Hooy)= 1
Ho+B(x,Y)

Figure 31: (a) Schematic representation of a fluid flow through a microchannel with the flexible ceiling
together with the cross-section view of the channel (b) without and (c) with applying the pressure difference
across the channel.

It should be noted that despite the three-dimensional nature of the membrane deforma-
tion and the velocity field in a general fluid flow through deformable channels, because of
the assumptions made in [19] such as Hy < W < L, the small components of velocity in y
and z directions (Fig. 31) do not appear in the leading-order equations using the perturba-
tion technique. The pressure and the flow-wise component of velocity are the only variables
associated with the fluid-mechanics aspect of the problem appearing in the leading-order
equations of the perturbation method. Regarding the solid-mechanics domain, because of
the similar assumptions, the ceiling deformation’s dependence on the upstream and down-
stream membrane slices does not appear in the leading-order equations of the perturbation
method, leading to the one-dimensional Euler-Bernoulli beam theory through correlating the
membrane deformation in each slice with the local pressure load. Because of the aforemen-
tioned reasons, we still refer to the model in [19] and its extension in [162] as one-dimensional
models.

In this work, the volumetric flow rate—pressure difference relation obtained in [19], pre-
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sented in Eq. 9, is rearranged as shown in Eq. 10, in which Qpeformable and Qrigia respectively
refer to the volumetric flow rate through the deformable microchannel and that through the

corresponding rigid microchannel

Q* _ QDeformable -1 + c1x + C2X2 + 03X3

QRigid
4
Cl = - = 0.8
1as (10
=—~=04
Co 15 0.4063
256
= —— ~(.0852
Cs3 3003 0.085

where we define the dimensionless parameter y = ApW* /384D H,, namely a flexibility pa-
rameter hereafter. In addition, D = Et3/12(1 — v?), in which E, and v refer to the membrane
modulus of elasticity and Poisson’s ratio, respectively. The volumetric flow rate through the
rigid microchannel can be written as Qrigia = ApW Hi /12uL, where 1 is the fluid dynamic
viscosity. By defining the flexibility parameter and the dimensionless volumetric flow rate in
this manner, we aim at directly observing the effects of various dimensional or operational
parameters on how different the flow characteristics of a deformable microchannel and those
of its theoretically rigid counterpart are. Such differences between the rigid and deformable
microchannels are reflected into the magnitude of *. The minimum value of Q* is 1, which
corresponds to a theoretically rigid microchannel. A configuration with Q* ~ 1 shows that
the channel deformability effects are negligible and flow characteristics are close to those of
the flow through the rigid counterpart, while an increase in Q* implies a more significant
deviation from the rigid channel characteristics.

The mean and maximum dimensionless displacements of the membrane are expressed in

Eq. 11:
<o(z*)> 8 . .
H, 15 (11)
5max(x*> . *<£l'*>

where p* = p/Ap shows the dimensionless pressure within the channel, and z* = z/L is the

dimensionless distance from the inlet. The parameters < §(z*) > and Opmax(z*) denote the
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Figure 32: (a) Schematic diagrams of the cross section of the composite membrane consisting of the PET
film with two SU8 adhesive layers together with the (b) transformed section for stress analysis.

mean and maximum membrane displacement at x*, respectively.

Composite membranes

Because of the adhesive bonding technique used in this work, the structural effects of the
adhesive layers need to be taken into account. As will be described later, the microchannel
ceiling consists of a PET film coated with SU8 on both sides, forming a three-layer membrane;
see Fig 32 (a). By using the transformed-section method [165], the flexural rigidity F' = E1,
where I denotes the moment of inertia, is obtained for the transformed section; see Fig 32
(b). The equivalent membrane thickness, £, is calculated from # = \?’/m , and replace
the membrane thickness, ¢, to evaluate the flexibility parameter, y, in Eq. 10. The composite
membrane is then considered as a single-layer film with the equivalent thickness of ¢, i.e. ¢

is replaced by ¢, and the elasticity modulus of PET, i.e. F is replaced by Epgr.

Linear pressure variation assumption

The membrane displacement is dictated by the pressure variation within the microchannel.
On the other hand, the membrane displacement changes the cross sectional area and in

turn hydrodynamic resistance, which influences the pressure variation through the channel.
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Hence, the fluid and solid aspects of this problem are potentially highly coupled. How-
ever, the fluid and solid aspects can be studied in a decoupled fashion when the membrane
deformation is sufficiently small compared to the microchannel original height. This decou-
pled state arises with a small pressure difference, deep and/or narrow channel, or thick/stiff
membrane. Under these situations, the pressure varies almost linearly within the microchan-

nel. By substituting the linear pressure variation of p*(z*) = 1 — 2* in Eq. 11, we have

<(z*)>
Hy

= 1% X (1 —z*). The average of the membrane displacement over the whole channel
can be obtained through [% = < 6(z*) > da* = ZxHy. If the deformable microchannel is

replaced with a rigid rectangular microchannel with the height of Hy+ % xHp, the volumetric

flow rate can be expressed as in Eq. 12.

Linear Pressure

Deformable -1 + le + d2X2 + d3X3
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A criterion is sought later to identify the threshold value separating the two regimes of

coupled and decoupled fluid-solid mechanics through examining the Eqs. 10 and 12.

Experiments

Fabrication

The schematic representation of the fabrication process flow is shown in Fig. 33. The pro-
cedure is similar to what we described in our previous work [164] with the difference that
the flexible membrane is allowed to deform even after the reinforcement step. Briefly, the
patterns of the microchannel sidewalls are created through the glass wet etching procedure.
The via-holes are drilled in the glass slide using a 2-mm drill bit; see Fig. 33 (a). The
100 pm-thick PET (Polyethylene terephthalate) film coated with a thin SUS8 film (~ 2 um)
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Figure 33: Schematic representation of the fabrication process flow: (a) the microchannel sidewalls are
created using the double-step glass wet etching. (S1) A PET film coated with a thin layer of SUS8 seals the
microchannel sidewalls. (S2) The chip is undergone with UV illumination and post-exposure baking to cure
the adhesive layer. (R1) A glass substrate with the same pattern as that of the main channel is aligned and
brought in contact with the SUS8 layer coated on the bare side of the PET film. (Rz) The sample is undergone
with UV illumination and post-exposure baking to cure the adhesive layer at the bonding interface of the
reinforcement glass and the PET film.
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Figure 34: (a) A photograph of the fabricated device together with (b) a photograph showing the channel
filled with a dye demonstrating a leakage-fee bonding. The scale bar is 1 ¢m in (b).

then seals the channel sidewalls on the hotplate at 69 + 1°C'; see Fig. 33 (S;). After 30 min-
utes, the temperature decreases to the room temperature over 20 minutes. The SU8 adhesive
layer is cured using the UV exposure of ~ 1.3 J/cm? and baking on the hotplate, initially at
65°C' ramping up to 95°C over 5 minutes, remaining at this temperature for 30 minutes and
cooling down to the room temperature over 30 minutes; see Fig. 33 (S;). A separate glass
slide is patterned and etched to create a cavity for accommodating the deflected membrane
while providing the bonding reinforcement; see Fig. 33 (R1). The etched cavity is sufficiently
deep (> 45 pum) to enable the membrane to displace freely. The reinforcement glass slide is
bonded with the PET /glass microchannel stack using the partially cured SU8 as an adhesive
layer. Prior to bonding, the SUS8 layer of about 14 pm in thickness is spun onto the bare side
of the PET film and baked on the hotplate at 65°C' for 4 minutes. During bonding, the stack
is baked at 69°C' for 20 minutes, followed by the UV exposure of 2 J/cm? and postbaking at
95°C' for 30 minutes; see Fig. 33 (R2). A PDMS interconnect with holes are bonded to the
glass slides for injection and collection of the fluid. The photographs of a fabricated device
are shown in Fig. 34. A dye was injected through the channel to ensure a leak-free bonding.
The photograph shown in Fig. 34 (b) demonstrates a leakage-free bonding between the PET

film and the glass as well as between the PDMS and the glass.
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Volumetric flow rate measurement

In order to create a pressure driven flow under a specific pressure difference, a reservoir is
used with two ports. The compressed air, the pressure of which is adjusted using a pressure
regulator (PneumaticPlus, PPR2-N02BG-4 Miniature Air Pressure Regulator), is injected
through one of the ports causing the liquid to be pushed out from the other port, which is
connected to the microchannel’s inlet. Two approaches are used to measure the volumetric

flow rate depending on its magnitude.

Low flow rate regime (below about 40 micro-litre/min)

The discharged liquid is guided through a capillary tube. The meniscus displacement, Ax,,,
and the time interval, At,,, are measured over 2-7 centimeters of the capillary tube length
depending on the meniscus speed. The meniscus speed is calculated from w,, = Ax,,/At,,.
The volumetric flow rate equals %Dgum, where D, refers to the capillary inner diameter. Two
different capillary tubes with D, = 530 and 793.75 microns were used for the volumetric flow
rates below ~ 2 ul/min and above that, respectively. The hydrodynamic resistance of the
capillary tubes (< 10 Pa.s/m?) is at least three orders of magnitude smaller than that of

the studied devices to avoid the spurious effects on the measured volumetric flow rate.

High flow rate regime (above about 40 micro-litre/min)

The liquid discharging from the microchannel outlet is collected in a vial, the mass of which
is monitored over time using an analytical balance (Mettler Toledo-XS105, 0.01 milligram
resolution). The slope of the accumulated mass versus time is the mass flow rate, . The

volumetric flow rate is obtained from @ = m/p, where p denotes the fluid density.
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Figure 35: (a) Plots of the dimensionless pressure, p* = p(x*)/Ap, as a function of the dimensionless distance
from the inlet z* for various flexibility parameter values. (b) The variation of the dimensionless membrane’s
mean deflection, < § > /Hy, along the microchannels for various flexibility parameter values. (c) A plot

of the dimensionless flow rate Q* = [QDeformable/QRigid] Appes e =ApRigia’ as a function of the ﬂeX1b1hty
eformable = igi

parameter. (d) A plot of the dimensionless pressure difference Ap* = [ApDeformab]e / ApRigid] Obetormanio=Qriid’
eformable— 121
as a function of the flexibility parameter. The insets show the logarithmic plots in (c) and (d).

Results and discussion

Parametric study of the flexibility parameter

The dimensionless pressure variation along the deformable microchannel is plotted for vari-
ous flexibility parameters as shown in Fig. 35 (a). It is perceived that the pressure variation
deviates more from the linear one as the flexibility parameter increases. In case of the large
flexibility parameters, the slope of the curve increases in magnitude towards the exit of

the channel (increasing z*), which can be attributed to the increasing local hydrodynamic
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Table 7: The geometry of four deformable microchannels studied in this chapter.

Microchannel Length (mm) Width (mm) Height (um) Height-to-Width Ratio
A 9.5£0.5 1.25+0.1 2.3+£0.1 1.84x 1073
B 9.5£0.5 20=£0.1 23+£0.1 1.15 x 1073
C 9.5+0.5 1.25+0.1 7.5+0.4 6.00 x 1073
D 9.5£0.5 22+£0.1 8.2+04 3.73x 1073

resistance. The larger pressure levels close to the inlet cause the larger membrane deflec-
tions, decreasing the hydrodynamic resistance through increasing the cross-sectional area;
see Fig. 35 (b). From Fig. 35 (b), at any z*, the bulging becomes larger as the flexibility pa-
rameter increases, inducing the more non-linear pressure variation within the microchannel,
as shown in Fig. 35 (a).

Plots of the dimensionless flow rate (Q*) and dimensionless pressure drop (Ap*) are shown
in Fig. 35 (c) and (d) as a function of y and can be directly obtained from Eq. 10. While
Q* is a cubic polynomial function of x, Ap* is a rational function, i.e. Ap* = 1/Q*. The
dynamic rescaling of the vertical axis takes place when plotting QQ* versus x because of the
term of Ap included in the definition of Q)*, allowing us to obtain the master curve shown
in Fig. 35 (c¢). The vertical axis represents an extent of deviation between the characteristic
behavior of a deformable microchannel and that of its theoretically rigid counterpart.

Figure 35 (d) shows what fraction of the pressure difference applied across its rigid coun-
terpart is needed to be applied across a deformable microchannel to produce the same vol-
umetric flow rate. It is perceived that for large values of y, small fractions of the pressure
difference are needed to be applied across the deformable microchannels to deliver the same

volumetric flow rates as those of their rigid counterparts.

Experimental results

Four different shallow microchannels with ultra-low height-to-width ratios have been fab-
ricated. The microchannels geometries are summarized in Table 7. In our mathematical
modeling, the modulus of elasticity and Poisson’s ratio of the PET are 2.5 GPa and 0.4,
respectively. The modulus of elasticity of the SU8 is considered to be 2 GPa (MicroChem
Corp.). Poisson’s ratio of SU8 is ~ 0.22-0.26 [166]. Since the thicknesses of the SUS8 layers
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Figure 36: (a) The volumetric flow rate through Microchannels A, B, C, and D in comparison with the
analytical solutions of the one-dimensional model [19] together with (b) the magnification of the dotted
box. (c¢) The ratio of the volumetric flow rate through the deformable microchannels to that through their
theoretically rigid counterparts under the same pressure differences. (d) The master curve obtained in this
work, Eq. 10, together with the experimental results. A logarithmic scale is used in (c) and (d). The error
bars, obtained from three data-sets, are not shown when they are smaller than the size of markers.

and the PET film are tgy= 2 um, teo= 15 pum, and t,= 100 pm (Fig. 32), the equivalent thick-
ness of the SU8-coated PET membrane equals ¢ ~ 113 jm. The thermophysical properties
of the DI water are considered to be p = 1000 kg/m3 and u = 8.9 x 10~* Pa.s.

The volumetric flow rates through Microchannels A, B, C, and D are shown in Fig. 36
(a) and (b) for various pressure differences across the microchannels. The volumetric flow
rates of Microchannels A-D normalized by those of the rigid counterparts, i.e. Q* =
QDeformable/ QRrigid, are also shown in Fig. 36 (c¢) under various pressure drops. A good agree-

ment is observed between the one-dimensional model in [19] and the experimental results.
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The larger discrepancies between the modeling and experimental results of Microchannels B
and D can be attributed to the rather large width-to-length ratio, W/L ~ 0.22, which does
not perfectly satisfy the requirement of the wide-beam framework and lubrication theory,
i.e. W/L < 1. If the microchannel is not sufficiently long, the membrane’s infinitesimal
slices normal to the flow-wise direction cannot be accurately approximated by the wide
beams. Under these situations, at any x*, the membrane deflection is not solely dependent
on the corresponding local pressure p(z*) within the channel. Instead, the local membrane
deflection is influenced by the upstream pressure as well. Therefore, the membrane displace-
ment becomes larger than predicted by the model based on the wide-beam framework and
lubrication theory, causing the model to underestimate the volumetric flow rate.

In addition to the larger value of W/ L for Microchannel D (/ 0.232) compared with that of
Microchannel B (= 0.211), the larger discrepancies from modeling observed in experimental
mass flow rates through Microchannel D may be partially due to the inaccurate location of the
inlet /outlet via-holes drilled manually in glass slides. In our fabricated devices, the center of
the holes has an offset of 0.1-0.5 mm from the expected locations, causing uncertainties to rise
not only in the overall length of microchannels, but also in the channels’ width in proximity of
the inlet/outlet ports; see Fig. 34 (b). In case of narrow microchannels, e.g. a few hundreds
of microns in width, the interface between the main part of channel and the inlet/outlet
via-holes of 2 mm in diameter can be reasonably assumed to be a straight line. Under these
situations, the channel width remains intact after creating the via-holes. Whereas, for wide
microchannels like Microchannels B and D, the round shape of the inlet/outlet via-holes
can significantly change the microchannel width close to the inlet/outlet ports. For such
situations, the channel’s width is not constant in the proximity of the inlet/outlet sections.
An offset from the expected locations of the via-holes causes even more deviations from the
expected straight microchannel. Therefore, the fluid flows through Microchannels B and D
can be quite different from each other close to the inlet/outlet sections due to the existing
lateral and axial offsets in locations of the created via-holes.

Figure 36 (d) shows that, to a reasonable agreement, the experimental data points of
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flow rate versus pressure drop for all four channels fall onto the master curve presented in
Eq. 10 over a large range of the flexibility parameter. This master curve demonstrates that
difference between the volumetric flow rate of a deformable channel and that of its rigid
counterpart under the same pressure drop is solely dictated by the flexibility parameter
introduced in this chapter. Because of having a relatively large width and small height,
Microchannel B exhibits the largest flexibility parameter and consequently the most signif-
icant deviation from its rigid counterpart (largest (*), whereas the relatively small width
and large height of Microchannel C cause it to show the smallest flexibility parameter and
consequently the closest resemblance to its rigid counterpart (smallest @Q*). In the following,
we are elaborating how the flexibility parameter’s scale dictates the characteristic behavior
of the fluid flow through deformable microchannels.

According to Fig. 36 (a), under the sufficiently large pressure differences, Microchannels
B and D deliver much larger volumetric flow rates than Microchannels A and C because the
larger membrane deflection and averaged cross-section area result from the larger width of
Microchannel B and D. In particular, under the maximum investigated pressure, i.e. ~ 207
kPa, the volumetric flow rate delivered by Microchannel B is about 70 times larger than that
of Microchannel A. It is worth mentioning that such distinct characteristic behaviors emerge
due to the rather small difference of the microchannels widths, (Wp — W,)/Wa4 ~ 0.6.

According to Fig. 36 (c), the deformable microchannels behave similar to their corre-
sponding rigid microchannels (Q* ~ 1) under the sufficiently low pressure differences. By
increasing the pressure difference, however, (J* increases and the difference between the de-
formable and rigid microchannels becomes more significant. The graphs also show that Q*
increases as the microchannel width increases and/or its height decreases. Compared to its
corresponding rigid microchannel, Microchannel C shows only 40% increase in the volumet-
ric flow rate under 207 kPa, while Microchannel B delivers the flow rate of about 148 times
larger than its corresponding rigid microchannel. Despite the fact that Microchannel C’s
height is more than three times as large as that of Microchannel B, the volumetric flow rate

delivered by Microchannel B under 207 kPa is about six times as large as that delivered by
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Table 8: The order of magnitude of different terms existing in Eq. 10 for the flexibility parameter, y, with
various orders of magnitude. For each flexibility scale, the most important terms with the order of magnitude
equal to or greater than 107! x O(Q*) are highlighted in bold font. Note: O(c;) = 1, O(cz) = 1071, and
O(e3) = 107%

O(x) 102 10T 10° 1077 1072
o(1) 10° 10° 10° 10° 10°

O(c1x) 1072 107t 10° 10t? 1072
O(c2x?) 107° 1078 107t 10t? 1073
O(esx®) 1077 107* 107t 1012 1015

Microchannel C. A rigid microchannel possessing triple a specific height would result in a
26-time larger volumetric flow rate due to the term of Hy in Qriga = ApW HS/12uL. Tt is
worth mentioning that under the sufficiently low pressure differences, where the fluid flow
characteristics are more similar to those of the rigid microchannel, Microchannel C delivers
the larger volumetric flow rate in comparison with Microchannel B; see Fig. 36 (b). By
increasing the pressure difference, the volumetric flow rate of Microchannel B surpasses that
of Microchannel C at Ap ~ 92 kPa. In order to obtain a more profound insight into the
underlying physics of the observed distinct flow characteristics, the Eq. 10 is more deeply
examined in the following.

The order of magnitude of different terms existing in Eq. 10 is presented in Table 8
for the flexibility parameter, y, with various orders of magnitude. This table shows the
contribution of each term in the volumetric flow rate through the deformable microchannels.
The terms with 10% contribution or more are highlighted in bold font for each order of
magnitude of x. It is perceived that the higher orders of the flexibility parameter become
more important as the flexibility parameter increases. The magnitude of the truncation error
can also be extracted from this table for the expressions consisting of various terms, that
can be used to approximate the Eq. 10. The important finding is that a variety of distinct
characteristic behaviors can emerge under different flexibility parameter scales. For example,
the dimensionless volumetric flow rate can be approximated as Q* ~ 1 and Q* ~ c3)® for
the flexibility parameter scales of O(x) < 1072 and O(x) > 1072, respectively, while the
truncation error is only about 1% of the exact value. For the same truncation error, Eq. 10

can be approximated as Q* ~ 1+c;x and Q* ~ ¢y +cax?+c3x® for the flexibility parameter
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scales of O(x) = 107! and O(x) = 10!, respectively, while all the terms are needed for the
flexibility scale of O() = 10° and truncation error of 1%.

From the definition of the flexibility parameter, y = ApW?*/384DH,, the fluid-solid
behavioral characteristics rely on the following three general categories: 1) microchannel
dimensions: W and Hy, 2) membrane thickness and structural properties, which are lumped
into the parameter of D, and 3) pressure difference across the microchannel, Ap. Regardless
of the microchannel geometry and the membrane properties, if the pressure difference is
sufficiently low, the flexibility parameter becomes much smaller than unity. Under these
situations, the first term in the right side of Eq. 10 is dominant: Q* ~ 1. As long as the
condition of x < 1 is satisfied, any change in the dimensions of the microchannel, pressure
difference, or membrane properties causes no significant influence on @*, and the deformable
microchannel behaves similar to its corresponding rigid microchannel. On the other hand,
for the sufficiently large pressure difference across the flexible microchannels, the last term
becomes dominant: Q* ~ c3x®. Under these situations, a slight change in the microchannel
dimensions, pressure difference, or membrane properties is significantly magnified because
of the term of x®. As a result, two deformable microchannels slightly different in their
dimensions and/or the membrane properties might exhibit the similar or the noticeably
different characteristic behaviors dependent upon the pressure difference applied across the
microchannels.

A sufficiently large change in the pressure difference across a specific fabricated microchan-
nel can activate/inactivate the different terms in the right side of Eq. 10 through changing
the order of magnitude of the flexibility parameter; see Table 8. As a result, a deformable
microchannel might exhibit a variety of distinct characteristic behaviors depending on the
pressure difference applied across the microchannel.

The flexibility parameter is presented in Fig. 37 (a) as a function of the pressure differ-
ence across the investigated microchannels. Even though the flexibility parameter of the
microchannels varies with the applied pressure difference, the ratio of the flexibility parame-

ters related to the different microchannels of ¢ and j remains constant under various applied
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Figure 37: (a) The flexibility parameter, y, for Microchannels A, B, C and D under various pressure dif-
ferences. The differences between the channels geometries and/or the membranes properties result in the
different flexibility parameters under the same pressure difference across the channels. A sufficiently large
change in the pressure difference across a specific channel can alter the flexibility parameter scale from one
characteristic regime to another. (b) The fraction of the pressure difference across the rigid microchannel
sufficiently large to cause the same volumetric flow rate when applied across the deformable microchannel
with the same dimensions.

pressure differences:

[Xi/Xj] = (Wi/W;)* x (Ho;/Ho,) (13)
Ap;=Ap;

where W; and W; refer to the widths of the microchannels 7 and j, respectively. Similarly,
Hy; and H, ; show the original heights of the microchannels ¢ and j, respectively. Because of
the term of W*, any difference in width of the microchannels causes a noticeable difference
in the flexibility parameters and potentially the fluid flow characteristics. This is the reason
that a 60% larger width results in Microchannel B’s flexibility to be 1.6* ~ 6.6 times as large
as that of Microchannel A. This ratio is sufficiently large to cause the two microchannels to
operate within the different flexibility regimes. For example, under the pressure difference of
207 kPa, where y 4 ~ 1.59 and yp ~ 10.39, the order of magnitude of y is 10° and 10*! for
Microchannels A and B, respectively. As a result, the term of ¢3x? plays the most important
role in the characteristic behavior of Microchannel B (Table 8), while the lower orders of
x dictate the behavior of Microchannel A, which causes the volumetric flow rate through
Microchannel B to be about 70 times larger than that of Microchannel A.

According to Table 8, for the sufficiently small flexibility parameter, e.g. O(x) < 107!, the
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term of 1 is dominant in Eq. 10. The volumetric flow rate is, therefore, mainly proportional
to W H3, which resembles the rigid microchannel characteristics. By contrast, for the large-
flexibility regime, e.g. O(x) > 10™!, the term of c3x® plays the most important role. In
these situations, the volumetric flow rate is proportional to W1!3. One can show that

1 y W13Ap4
7,970,586,624 ~ puLD3

X >1 QDeformable ~ (14)

It is perceived that the height-dependency vanishes, while the microchannel width plays a
significant role in the fluid-solid characteristic behavior. Despite the fact that the height
of Microchannel C is about 3.3 times as large as that of Microchannel B, such distinct
characteristics cause the volumetric flow rate through Microchannel B to be about six times
as large as that through Microchannel C under 207 kPa (Fig. 36 (a)), whereas the volumetric
flow rate through Microchannel C is about 8 times larger than that through Microchannel
B under the relatively low pressure difference of 41 kPa (Fig. 36 (b)). At the lowest extreme
of the pressure range, where both microchannels behave similar to their corresponding rigid
microchannels, we have Qc/Qp = We/Wg x (Hoc/Hop)? =~ 21.7.

The fraction of the pressure difference across the rigid microchannels enough to produce
the same volumetric flow rate when applied across the corresponding deformable microchan-
nels is shown in Fig. 37 (b). Microchannel B exhibits the smallest fraction values because
of having the largest flexibility parameter. Under the pressure difference of 207 kPa, Ap*
is about 6.7 x 1073 for Microchannel B, which means a rigid microchannel with the same
dimensions as those of the undeformed Microchannel B would need about 149 times as large
pressure as 207 kPa, i.e. =~ 30.8 MPa, to deliver the same volumetric flow rate (~ 468
micro-litre/min).

The mean and maximum deflections of the membrane obtained using the theoretical
model are shown in Fig. 38 (a) for the inlet section. The wider microchannels have about
0.6 times larger width, which is sufficiently large to cause the noticeably larger deflections,
since the membrane deflection is proportional to W*. The maximum membrane deflection

is reasonably smaller than the membrane thickness (100 pm), which suggests that the thin
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Figure 38: (a) The mean and maximum membrane deflections at the inlet section of Microchannels A and
C (W=1.25 mm) as well as those for Microchannels B and D (W=2.1 mm) obtained using the theoretical
model [19]. (b) The Reynolds number and (c¢) the hydrodynamic resistance for the studied microchannels
under various pressure differences.

membrane bending assumption is valid. The Reynolds number is also calculated for the
microchannels: Re = puDy,/p = 2pQ /W, in which u and D), denote the average velocity
and the hydraulic diameter of the microchannel, respectively, where D, ~ 2H. The results
are shown in Fig. 38 (b). The assumption of the laminar flow regime is clearly valid in
this study. In addition, the hydrodynamic resistance, R, = Ap/Q, of the microchannels is
presented in Fig. 38 (c¢). Microchannel C shows the least variations of the hydrodynamic
resistance due to the small membrane deflections compared to its original height, whereas

Microchannel B exhibits a-few-orders-of-magnitude change in the hydrodynamic resistance

over the investigated pressure difference range.

Linear pressure variation assumption

The dimensionless volumetric flow rate related to the one-dimensional decoupled fluid-solid
mechanics model based on the linear pressure variation assumption, Eq. 12, is shown in
Fig. 39 (a) in comparison with the master curve obtained in this work, Eq. 10. The vol-
umetric flow rate is underestimated by assuming the linear pressure variation through the
microchannel. The associated error is shown in Fig. 39 (b). It is observed that the linear
pressure assumption is acceptable for the small-flexibility regime. In particular, the error is
less than 1% if xy < 0.241. From Fig. 35 (a), one can perceive that the pressure behavior
obtained through the analytical solution is close to the linear variation for such a small flex-

ibility parameter, which explains the acceptable agreement between the coupled and decou-
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pled models. The flexibility parameter for many of the deformable microchannel applications
is smaller than 0.241. The maximum flexibility parameter investigated in the comparative
study of several benchmarks in [162] equals x &~ 0.209. As previously explained, our work
allowed us to study the low-Reynolds-number fluid flow in the deformable microchannel with
the new behavioral characteristic regimes related to the flexibility parameter much greater
than 0.241.

Our rearrangement of the one-dimensional model in [19] presents the concept of the
flexibility parameter, giving a deep insight into the underlying physics. It also provides
a governing parameter that helps the engineers to design the deformable microchannels.
One of the advantages of the one-dimensional model in [19] in comparison with the three-
dimensional coupled fluid-solid mechanics model is its convenience, since the one-dimensional
model does not need the (several-hour) time-consuming simulations [162], yet it predicts the
main fluid-structural characteristics acceptably with no fitting parameters. On the other
hand, three dimensional model is a useful tool when the detailed information of the fluid-
solid characteristics are desired, particularly when the effects of elastic membrane clamping
at inlet and outlet, drag at the sidewalls of a microchannel that is not sufficiently shallow,

etc., are needed to be taken into account.
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In case that three-dimensional model is preferred, the threshold of y &~ 0.241 can be
considered as a guideline. According to Figs. 35 (a) and 39, the linear pressure variation
assumption is reasonably acceptable when y < 0.241, practically decoupling the fluid and
solid aspects of the problem. The three-dimensional solid mechanics model, where a linear
pressure variation is applied to the membrane, can then be used in order to obtain more
accurate details of the structural characteristics. Similarly, the obtained deformed shape of
the membrane can be used as the ceiling of a rigid microchannel for the three-dimensional
fluid mechanics modeling if the details of the fluid flow field are needed.

When their requirements are met, such one-way-coupled strategies significantly reduce
the computational costs, while they provide acceptably accurate details of the fluid-solid
mechanics. A similar approach was used by Ozsun et. al. [155] in order to find the pres-
sure distribution within deformable microchannels through two-dimensional fluid flow sim-
ulations. They replaced the ceiling with a rigid wall, but the deformed wall shape was
preserved by importing the experimentally measured profile of the deformed membrane into

the simulation.

Conclusion

Volumetric flow rate—pressure difference relationship for the shallow deformable microchan-
nels with ultra-low height-to-width-ratios was investigated in this work. Our work enabled us
to study the low-Reynolds-number, i.e. Re~ O(1072—10""), fluid flow in the deformable mi-
crochannel under the new regimes of the flexibility parameter (x) with values a-few-orders-of-
magnitude greater than those currently available in the literature. The experimental results
together with the scale analysis of the one-dimensional model in [19] based on the lubrication
theory and thin-membrane-bending framework, revealed the various distinct fluid-structural
characteristic behaviors under the different flexibility parameter regimes. The difference
between the characteristic behavior of fluid flow through a deformable microchannel and
that related to its rigid counterpart was reflected into Q*, which represents the ratio of the

volumetric flow rate through the deformable channel to that through its theoretically rigid
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counterpart. A master curve was obtained for the fluid flow through any arbitrary shallow
and long deformable microchannel via plotting Q* versus y. It was shown that depending on
the flexibility parameter’s magnitude, altering the pressure difference across the shallow de-
formable microchannel can activate/inactivate the various orders of the flexibility parameter.
The shallow deformable microchannels act similar to their corresponding rigid microchan-
nels under the sufficiently small flexibility parameter. In this regime, the volumetric flow
rate is proportional to W Hj, where W and Hj respectively refer to the microchannel width
and original height. On the other hand, sufficiently increasing the pressure difference across
the microchannel can result in the transition to the higher-flexibility regimes. Under the
sufficiently large pressure differences across the deformable microchannel, the effects of the
microchannel original height on the fluid-solid characteristics disappear. In these situations,
the volumetric flow rate becomes proportional to W12, Such a significantly distinct behav-
ior together with the fact that the flexibility parameter is proportional to W* suggest that
two nearly identical microchannels with the slightly different widths (~ 60%) can have two
flexibility parameters one order of magnitude different from each other, which can result in
the two distinct fluid-solid characteristic behaviors under the same pressure difference across
the channels. It was also found that the linear pressure assumption through the deformable
microchannel is acceptable for the regimes with the flexibility parameter smaller than 0.241
with less than 1% error in the predicted volumetric flow rate, while this assumption is no-
ticeably erroneous for the regimes with the large flexibility parameter. For the cases that the
flexibility parameter is smaller than 0.241, the fluid and solid mechanics can be considered

decoupled.
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Chapter 4: Low-Reynolds-number
incompressible fluid flow through

asymmetric deformable microchannels

Questions

The main questions of this research are enumerated in the following.

e How does a width profile affect the fluid-solid mechanics of low-Reynolds-number in-

compressible flows of Newtonian fluids through deformable microchannels?

e Can a membrane deformation-induced change in hydrodynamic resistance provide a
direction-dependent net hydrodynamic resistance and flow rectification under the Stokes

flow regime?

Motivations

Passive flow regulations are of importance for various applications such as integrated mi-
crofluidic circuits, micro-pumps, etc. There have been some interests in developing a valve-
less, passive flow rectifier in asymmetric (or tapered) microchannels for low Reynolds number
flows. The fundamental challenge associated with rectifying flows of Newtonian fluids under
Stokes flow regime (Re < 1) is associated with the lack of non-linearity in the equation of

motion, which motivates this research.
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Objectives

The objectives of this research are to investigate the width profile’s effects on fluid-solid
mechanics of incompressible flows of Newtonian fluids through asymmetrically-shaped de-
formable microchannels under the Stokes flow regime and examine the feasibility of flow

rectification.

Introduction

Directional dependence of the hydrodynamic resistance in asymmetrically-shaped microchan-
nels results in the fluid flow rectification, which is important for different applications
such as integrated microfluidic devices [75, 167-169], micropumps [170-172] and drug de-
livery [173-175]. In particular, the rigid nozzle/diffuser microchannels are widely used to
rectify the fluid flow at sufficiently high Reynolds numbers (Re > 1) [170,171], wherein the
underlying mechanism is rooted in the directional dependence of the hydrodynamic resis-
tance due to the non-linear nature of the Navier-Stokes equations. Under the Stokes flow
regime (Re < 1), however, the inertial terms forming the non-linear behavior of the gov-
erning equations diminish, causing the Newtonian fluid flow through a rigid nozzle/diffuser
microchannel to exhibit a direction-independent hydrodynamic resistance disallowing the
fluid flow rectification.

To realize a fluidic rectifier that operates under the Stokes flow regime, the researchers
have resorted to another source of nonlinearity, that is, the use of non-Newtonian working
fluids with nonlinear rheological characteristics [176-179]. Among the available mechanisms
to rectify the Newtonian fluid flows under the Stokes regime, one can refer to mechanically
intervening in the microchannel design using the flap structure [180-182], or ball/particle-
based check-valves [183-185], where the flap and balls allow the fluid to preferentially flow
in one direction. In addition to the channel clogging risk due to the flap structure and
ball /particle-based check-valves, a notable difficulty associated with these mechanisms is

that the particles and biospecies to be transferred can get damaged or stuck after hitting
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the flap and balls/particles.

In this chapter, we present a passive flow rectification mechanism for Newtonian liquids
under the Stokes flow regime by introducing nonlinearity into the otherwise linear Stokes
equations. Asymmetric flow resistances arise in shallow nozzle/diffuser microchannels with
deformable ceiling, in which the fluid flow is governed by a non-linear coupled fluid-solid
mechanics equation. A rectification ratio of ~ 1.2-1.8 has been achieved for low-Reynolds-
number flows (Re ~ O(107%) — O(10°)) of common Newtonian liquids such as water and
alcohol. This mechanism can pave the way for regulating the low-Reynolds-number fluid
flows with potential applications in precise low-flow-rate micropumps, drug delivery systems,

ete.

Modeling

We demonstrate that a shallow nozzle/diffuser microchannel with deformable ceiling provides
a non-linear governing coupled fluid-solid-mechanics equation leading to direction-dependent
hydrodynamic resistances enabling flow rectification of Newtonian fluids under the Stokes
flow regime. The schematic representation of the fluid flow through a nozzle/diffuser mi-
crochannel with a deformable ceiling is shown in Fig. 40. The ceiling membrane deflection
depends on the fluid flow direction, i.e. nozzle versus diffuser, causing the overall hydro-
dynamic resistances of diffuser and nozzle to differ from each other. The one-dimensional
model used in this work is based on the lubrication theory, i.e. Ho < W < L, where
Hy, W, and L refer to the microchannel’s original height, width, and length, respectively.
The thin-plate-bending framework is considered for the elastic deformation, which requires
0H <t < W, where 0 H is the membrane displacement and ¢ denotes the membrane thick-
ness. As mentioned in Chapter 3, under these situations, the displacement of an arbitrary
membrane’s infinitesimal slice across the channel can be correlated solely with the local fluid

pressure within the channel. The deflection profile of the slice is then obtained from the
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Euler-Bernoulli beam theory:

st (,¢) = 2wy (), (15)

where ¢ = 2y/W(x), f(¢) = ((+ 1)*(¢ = 1)?, and D = 525, in which E and v denote
the membrane’s modulus of elasticity and Poisson’s ratio [186]. In addition, p refers to the
pressure within the channel, which is constant at any x-plane according to the lubrication
theory.

Since the membrane displacement is significantly smaller than the channel width and
length, i.e. 6H < W < L, the membrane slope is very small, i.e. 00H/0r < 1 and
00H /0y < 1. Under these situations, and considering the sufficiently small nozzle/diffuser
half-angle () with an attached flow throughout the channel, the Poiseuille flow pattern
can be assumed to be locally valid. In order to introduce the dimensionless variables, we
consider the characteristic scales for length, volumetric flow rate, and pressure to be L,
Qret, and Aprer = 120 L0 er/ W}Hg, where p is the fluid dynamic viscosity, and W; refers to

the channel width at inlet. The dimensionless volumetric flow rate through the deformable

Figure 40: Schematic diagrams showing the cross-section views of the fluid flow through a microchannel with
a deformable ceiling in (a) nozzle and (b) diffuser directions together with (ag and bg) the top view of the
channel. The dimensions in z-direction are not in scale with those in x-y plane for the sake of clarity. Note:
é,=é, X é,, where é;, &,, and €, denote the unit vector in x, y, and z directions, respectively.
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channel, i.e. Q* = Q/Qyer, is written as

_dp* (@) WH(at) < HP >
de* W H

Q= (16)

where H = Hy + dH shows the channel’s local height, p* = p/Apyes, ©* = /L, W* = W/L,
and W* = W;/L. The average of an arbitrary variable like ¢ over a plane at * normal to the
flow-wise direction is obtained through < ¢ >«= % i) C:fll (z*,{)d¢. By defining v(z) =
p(x)W*(x) /384D Hy, Eq. 15 can be rewritten as dH(x,()/Hy = v(x) f(¢). Considering that
< H®>= H}+3H} < 6H > +3Hy < (0H)* > + < (0H)? >, one can show that
< H? >
H;

=1+3(z) < f(O)>
(17)

+37%(2) < f2(Q) > +7°(2) < F2(Q) >
We know < f(¢) >=8/15, < f2(¢) >= 128/315, and < f3(¢) >= 1024/3003. Considering
that p* = 0 at x* = 1 due to the fluid discharge into the ambient air, after defining £ = 1—xz*
and substituting Eq. 17 in Eq. 16, one can obtain an initial-value problem for an arbitrary

volumetric flow rate of QQ = Q.ef, 7.€. Q* = 1, as shown in the following first-order non-linear

ordinary differential equation (ODE):

7(£) (1 +arm()p"(§) + aar® (E)p™(€)

dp*(§)
dg

(18)

+ 043712(5)19*3(5)) =1,
Initial value: £=0 : p* =0,

where the width profile function, i.e. 7(§), flexibility parameter, i.e. x, and «; coefficients
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are

T(§) = W (&)/Wr, (19a)
AprerV'Zl
== 1
X= 384D H, (19b)
8 128 1024
ar=gX; Q2 = TQE)XQ’ and az = mxg- (19¢)

For a nozzle/diffuser microchannel with a linear variation of the width, 7(¢) = 7, + (1 —
7,)&, where 7, = W, /W; and W, refers to the channel width at outlet. It is worth mentioning
that the governing equation is reduced to that of the fluid flow through a deformable shallow
straight microchannel [19,187] for the special case of 7 = 1. The ODE presented in Eq. 18 is
solved numerically to find the pressure distribution within the channel, i.e. p*(£), and other

fluid-solid characteristics.

Studying different regimes of flexibility parameter analytically

Extremely small flexibility parameter

For a rigid channel, the flexibility parameter equals zero, i.e. x = 0. For deformable channels
under sufficiently small pressure differences, the flexibility parameter can also be very small,
i.e. X ~ 0. Under these conditions, the terms with a; : ¢ = 1,2, and 3 multipliers vanish
from the coupled fluid-solid-mechanics governing equation presented in Eq. 18, simplifying

the ODE into

“ (20)
Initial value: &£=0 : p* =0.

For a nozzle/diffuser, where 7(§) = 7,4 (1 —7,)&, one can solve Eq. 20 to obtain the following

analytical expression for the pressure distribution within the channel:

p(© =1+ (2 - ne). @1

— To To
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Figure 41: Diagram showing the nomenclature of the nozzle/diffuser inlet/outlet dimensions.

The dimensionless pressure at inlet can then be obtained as

(22)

Since Ap = pi X Apyer and Apres = 12uLQet/ Wi H3, the volumetric flow rate correlation

with pressure difference across the channel can be elicited as

T, — 1 I/Vng
Q="T"1
In(7,) 12pL

Ap. (23)

It should be noted that the relationship for a straight channel, i.e. 7, = 1, can be obtained

through lim,, ; @), that results in
g

A

(24)

which is the well-known characteristic of shallow rigid microchannels. Using Eq. 23, we can

calculate the rectification ratio as follows:

To,N—1 :
_ QNozzle __In(7o,N) x leN 95
n - Q i - TO’D—l W ? ( )
Diffuser (7o) X i,D

where W; x and W; p refer to the width at inlet section for the fluid flow in nozzle and diffuser
directions, respectively. Similarly, W, y and W, p denote the width at outlet section of for
the fluid flow in nozzle and diffuser directions, respectively. We have 7, y = W, y/W; x and
To.p = Wop/Wip. We know that W; y = W, p, W, p = W, n, and 7, y = 1/7, p; see Fig. 41.

Since In(7, n) = —In(7, p), after some algebraic calculations, one can obtain
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 Ton —1Win
1—7.0Wip
To,N_l 1

a 1-— 1/7’0,]\/ To,N

(26)
=1,

which states there is no flow rectification using a rigid nozzle/diffuser microchannel under

the Stokes flow regime.

Extremely large flexibility parameter

For deformable channels under sufficiently large pressure differences, the flexibility parameter
can be extremely large, so that the term with the third order of flexibility parameter, i.e.

x3, dominates the left-side of Eq. 18 simplifying the ODE into
dp*(§)

“ (27)
Initial value: £=0 : p* =0.

asT 3 (Op(€)

For a nozzle/diffuser, where 7(§) = 7,4+ (1 —17,)&, one can solve Eq. 27 to obtain the following

analytical expression for the pressure distribution within the channel:

p(E) = ( ) = ) (28)

3752112 (§)as(1 — 7o)

The dimensionless pressure at inlet, where 7(§£ = 1) = 1, can then be obtained as

1— 12 i
p?:( To ) . (29)

3r12ai3(1 — 79)

Since a3 = gom (ApeetW; /384D Hp)?, Ap = pf X Aper, and Aprer = 12uLQuer/ Wi Hj, the
volumetric flow rate correlation with pressure difference across the channel can be elicited

as

1 (1—7o)d2 W3 \
N Z A 30
“ <664,215,552 =2 aLps) <A (30)
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which shows a height-independent characteristic behavior, because the membrane deforma-
tion is significantly larger than the original height of microchannel under this regime. It
should be noted that the relationship for a straight channel, i.e. 7, = 1, can be obtained

through lim,, _; @), that results in

1 13

Q= G61.215.552 < 12L D7

x Ap*, (31)
which is in agreement with [187]. Using Eq. 30, the rectification ratio of nozzle/diffuser
channel under this regime is calculated as follows:

(1—TO,N)T&?N 13
— = X Wi
QNozzle o 1_7-0’]\/ )

7] = - ( 12
: 1—70,0)7p 13
Qlefuser W X Wi,D
(1=70,n) 79 N

=2, 1 (32)

= X
-1 —12
(=75 NTo.N T(}%V
—12 ’
l—TO’N

Behavioral characteristics solely due to ! term

The potential characteristic behavior appearing when the first order of flexibility parameter,

i.e. X, becomes important can be examined from solving the following ODE:

i (@pr(e) P

“ (33)
Initial value: &=0 : p* =0.

For a nozzle/diffuser, where 7(§) = 7,+ (1 —7,)¢, one can solve Eq. 33 to obtain the following

analytical expression for the pressure distribution within the channel:

[ (PO S
7O = (e ) - (34
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The dimensionless pressure at inlet, where 7(§{ = 1) = 1, can then be obtained as

: ( (-7 ) (35)

b= 274 (1 — 79)
Since ay = S(ApwefW;/384DHg)?, Ap = pf X Aprer, and Apyer = 12uLQrer/WiH, the
volumetric flow rate correlation with pressure difference across the channel can be elicited

as

1 (1— 7)1y WPH? 9
_ i Ap2.
¢ <1, 440 1—74 LD ) < 7P (36)

It should be noted that the relationship for a straight channel, i.e. 7, = 1, can be obtained

through lim,, ,; (), that results in

L W
— : Ap? 37
@ 1,440~ auLD 2P (37)

which is in agreement with [187]. The rectification ratio of nozzle/diffuser channel under

this regime is calculated as follows:

(17T0,N)T4
0,N % VViBN
QNozzle 1_To,N )

n= = 1 1
QDiﬂuser % X W5
1—74 i,D
TO,D )
(I—TO,N)T&N
1_T§N
= 1 — =1 X 5
( _To,N)To,N TO,N

—4
1—7‘O’N

(38)

Behavioral characteristics solely due to x? term

The potential characteristic behavior appearing when the second order of flexibility param-
eter, i.e. x2, becomes important can be examined from solving the following ODE:
dp*(§)

& (39)
Initial value: &=0 : p* =0.

a7 (€)p™(€)
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For a nozzle/diffuser, where 7(§) = 7,+ (1 —7,), one can solve Eq. 39 to obtain the following

analytical expression for the pressure distribution within the channel:

, 3(r86) —75) \
o= <8T§TS(§>a2(1—ro)> | .

The dimensionless pressure at inlet, where 7(§{ = 1) = 1, can then be obtained as

= (3“")) (a1)

87}?0&2(1 — T0

Since oy = 122 (ApetW /384D Hy)?, Ap = p} X Aprer, and Apper = 12uLQrer/ Wi HY, the

volumetric flow rate correlation with pressure difference across the channel can be elicited

as

1 (1 - 7'0)7'[? WQHO 3
- i Ap. 42
@ (544, 320 1-78 uLDz) P (42)

It should be noted that the relationship for a straight channel, i.e. 7, = 1, can be obtained

through lim,, ,; (), that results in

1 W2 H,

- Ap?
544,320 8uLD? P

Q@ (43)

Y

which is in agreement with [187]. The rectification ratio of nozzle/diffuser channel under

this regime is calculated as follows:

(177'0,N)7'8
. 0,N % VVZQ
QNozzle o -0 n ’

= 1_ B
QDiﬂuser % X WigD

—_ 8
1 T0.D

n=

(1=70.8)75
3
o 1—707N %
= B -
(I_TO,N)TO,N T(?,N

—8
1_TOA,N

(44)

=1.
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Materials and methods

In order to validate the mathematically-described underlying coupled fluid-solid mechanics
of the fluid flow through a deformable nozzle/diffuser microchannel, we fabricated microflu-
idic devices and performed experiments to obtain the volumetric flow rate over the applied
pressure difference range of 14-206 kPa. The microchannels were created through glass wet
etching process, drilling the via-holes, and adhesive bonding using a 2 um-SU8-coated PET
(polyethylene terephthalate) film (¢ = 100 pm, E = 3 GPa, and v = 0.4) followed by bond-
ing reinforcement using a glass slide with the sufficiently deep (~ 45 um) etched pattern of
the microchannel allowing the membrane to deform freely under pressure. The reinforce-
ment glass was bonded to the bare side of the membrane using a 16 pm SUS layer (E ~ 2
GPa) [187]. The blank glass slides were used for reinforcement of rigid channels to avoid
membrane deformations [164]. The structural effects of the adhesive layers can be taken into
account in our model by using the transformed-section method [165]. The equivalent mem-
brane thickness is calculated from ¢ = \:’/W , where I denotes the three-layer membrane’s
moment of inertia. The equivalent membrane thickness, i.e. f, replaces ¢ in the parameter
D of Eq. 19 (b) to evaluate the flexibility parameter. Considering the aforementioned values
for thickness and modulus of elasticity of different layers, £ ~ 113 um.

A pressure-driven flow was generated at constant pressure levels by employing a com-
pressed air to push a working fluid out of a custom-made flask with two ports. A pres-
sure source is connected to one end of the flask via a pressure regulator (PneumaticPlus,
PPR2-N02BG-4 Miniature Air Pressure Regulator), while the other end is connected to the
microchannel’s inlet. The liquid discharged from the microchannel was guided through a
tube with a known inner diameter, where the meniscus position was monitored over time to

calculate the volumetric flow rate.
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Results and discussion

Microchannel design

The fluid-solid characteristics rely on the following three general categories: 1) microchannel
cross-sectional dimensions: W;, W,, and Hy, 2) membrane thickness and structural prop-
erties, which are lumped into the parameter of D, and 3) pressure difference across the
microchannel, Ap. Once the channels are fabricated, the first two categories become fixed
and pressure difference dictates the channel characteristic behavior. Based on our available
resources and our developed fabrication protocol, we have chosen a 100-micron-thick PET
film for the channels’ ceiling, which makes the second category fixed. In order to choose the
cross-sectional dimensions of the microchannels for the experimental investigations, we have
used the developed model to predict the rectification ratios of nozzle/diffuser microchannels
with different geometries.

We have theoretically studied the performance of numerous fluidic rectifiers with 2.6 um
in original height and different widths under our experimentally accessible range of applied
pressure difference (14 kPa < Ap < 206 kPa), the obtained results for several of which are
shown in Fig. 42. We have chosen the nozzle/diffuser channels with the pair of widths of 1
and 2 mm to be studied experimentally due to their relatively larger rectification ratios. It
is worth mentioning that the half-angle is not a design parameter, since it needs to be very
small (6 ~ 0) so that the Poiseuille flow characteristics for a straight channel and the Euler-
Bernoulli beam theory are locally valid. In practice, this parameter needs to be sufficiently

small (6 < 1) to meet the aforementioned requirement reasonably.

Experimental and theoretical investigation

One of the several width profiles theoretically studied is chosen here for our experimental
investigation, in which the nozzle/diffuser large and small widths equal 2 mm and 1 mm,
respectively, and half-angle is § = 1.25° ie. L ~ 22.9 mm. The half-angle is chosen

to be sufficiently small so that dWW/2dx ~ 0.022 meets the requirement of dW/2dx < 1
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Figure 42: Volumetric flow rates of water obtained from the 1-D coupled fluid-solid-mechanics model as a
function of pressure difference across the deformable nozzle/diffuser microchannels of 2.6 pum in height with
the half-angle of 6 = 1.25° for various small and large widths configurations: (a) 1 mm and 2 mm, (b) 2 mm
and 2.5 mm, (c) 1.5 mm and 2 mm, and (d) 1.2 mm and 2.1 mm. The insets show the rectification ratio,
i.e. 1 = QNozzle/@Diffuser, as a function of pressure difference across the channel.

and the Poiseuille flow characteristics for a straight channel and the Euler-Bernoulli beam
theory are locally valid. The obtained experimental results are shown in Fig. 43 for DI
water (1 = 8.9 x 107* Pa.s) flow through deformable/rigid nozzle/diffuser microchannels
with different original heights. Regarding the theoretical results for the rigid microchannels,
the analytical expression obtained in Eq. 23 is used. Alternatively, one can still numerically
solve Eq. 18 considering an infinitely large membrane’s modulus of elasticity so that x = 0.

For rigid microchannels, the volumetric flow rate increases linearly with pressure differ-
ence. The rigid nozzle and diffuser exhibit the same behavior resulting in no flow rectification,
i.e. the hydrodynamic resistance is not dependent on the flow direction. For the deformable
microchannels, however, because of the membrane deformation the volumetric flow rate

increases non-linearly with pressure difference, causing the hydrodynamic resistance to be
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Figure 43: Volumetric flow rates of DI water as a function of pressure difference across the deformable/rigid
nozzle/diffuser microchannels for various original heights of Hy = (a) 2.6 £ 0.1 pm, (b) 4.6 £ 0.1 pm, (c)
8.0+0.2 um, and (d) 10.9£0.2 um. The dashed, dash-dotted, and dotted lines show the results obtained from
the one-dimensional model for deformable nozzle, deformable diffuser, and rigid nozzle/diffuser, respectively.
The insets show the rectification ratio, i.e. 71 = QNogzle/@Diffuser, s a function of pressure difference across
the deformable nozzle/diffuser microchannels. The error bars related to the experimental results (averaged
over three runs) are not visible if they are smaller than the markers size.

pressure-dependent. Furthermore, the deformable nozzle delivers a larger volumetric flow
rate compared to the deformable diffuser under the same pressure difference resulting in a
flow rectification. The rectification ratio is defined as 7 = QNogsle/ @Diffuser- 1he rectification
ratio approaches unity as the pressure difference decreases toward zero, since the flexibility
parameter’s approach to zero diminishes the role of non-linear terms in the governing cou-
pled fluid-solid-mechanics equation shown in Eq. 18. As a result, a deformable microchannel
exhibits a characteristic behavior similar to that of its rigid counterpart without flow rec-
tification. A sufficiently large increase in pressure difference activates the non-linear terms

the governing coupled fluid-solid-mechanics equation to emerge, because of which the flow

of ay7 =1, 2, and 3 in Eq. 18 allowing the embedded non-linear nature of
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Figure 44: (a) Average of the membrane displacement at inlet over the channel original height and (b) the
hydrodynamic resistance, i.e. Rnya. = Ap/Q, as a function of pressure difference across the deformable
nozzle/diffuser microchannels with the the half-angle of § = 1.25°, small and large widths of 1 mm and
2 mm, and various original heights, obtained from the 1-D coupled fluid-solid-mechanics model.

rectification is observed.

The averaged membrane displacement at inlet obtained from Eq. 15 is shown in Fig. 44
(a) for the experimentally investigated deformable nozzle/diffuser microchannels. Since the
inlet section exhibits the maximum membrane displacement, one can clearly notice that the
membrane displacements in the nozzles are about two orders of magnitude larger than those
in their counterpart diffusers, leading to the direction-dependent hydrodynamic resistances
and fluid flow rectification.

From Fig. 43, increasing the channel original height can attenuate the contrast between
the deformable and rigid channels’ characteristics, since the membrane deformation becomes
less significant compared with the channel original height, and consequently the membrane
deformation-induced change in hydrodynamic resistance plays a less noticeable role in the
net hydrodynamic resistance; see Fig. 44 (b). As a result, the rectification ratio decreases
as the channel original height increases. The contrast between the characteristics of de-
formable/rigid nozzle/diffuser microchannels becomes even less significant for the channel
height of 41 pm, where the maximum rectification ratio is about 1.1, Fig. 45, as opposed to
1.43 for the channel with the original height of 2.6 pum.

It is worth mentioning that the rectification ratio can decrease after reaching its maximum
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Figure 45: Volumetric flow rate of DI water as a function of pressure difference across the deformable
nozzle/diffuser microchannel of ~ 41 pm in height, small and large widths of 1 mm and 2 mm, and half-angle
of § = 1.25°. The dashed, dash-dotted, and dotted lines show the results obtained from the one-dimensional
model for deformable nozzle, deformable diffuser, and rigid nozzle/diffuser, respectively. The inset shows
the rectification ratio, i.e. 1 = QNozzle/@Diffuser, as a function of pressure difference across the deformable
nozzle/diffuser microchannel.
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Figure 46: The rectification ratio contour obtained from the 1-D model for the nozzle/diffuser microchannels
with the widths of 1 mm and 2 mm together with the experimental results tabulated at the corresponding

(Ho, Ap).
by further increasing the pressure difference; see Fig. 46. The analytical solution presented
in Egs. 30 and 32, for the case of sufficiently large pressure difference, where the third order
of flexibility parameter (y?) dictates the behavioral characteristics, shows the rectification
ratio approaches unity as the pressure difference increases.

The pressure distribution and the membrane average displacement along the channel
are presented in Fig. 47 for the experimentally investigated deformable nozzle/diffuser mi-

crochannels. For the fabricated microchannels with established membrane properties and
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Figure 47: (a and d) Dimensionless pressure, i.e. p/Ap, along the channel, together with the (b and e)
average of the membrane displacement at any x-plane over the channel original height, and (c and f) average
of the membrane displacement at any x-plane for deformable nozzle/diffuser microchannels with the the
half-angle of # = 1.25°, small and large widths of 1 mm and 2 mm, and various original heights under the
pressure differences of (a—c) Ap = 14 kPa and (d—f) Ap = 206 kPa. Inset in (f) shows the magnified zone
between z* = 0.5 and z* = 1.

channel geometry, pressure difference dictates the flow-structure behavior. Under the low

pressure difference of 14 kPa, the membrane deformations are small compared to the original
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heights of the microchannels, causing negligible effects on the pressure distributions within
the channels. The same microchannels show significantly different characteristics under 206
kPa due to the noticeably larger membrane deformations. Considering Eq. 18 consisting of
the terms with different orders of flexibility parameter, depending on the applied pressure
difference, various regimes of fluid-solid characteristics can appear spanning from small wall
deflections, where the deformable microchannel resembles its rigid counterpart, Eq. 23, to
wall deflections much larger than the channel original height, where the height-independent
characteristic behavior emerges, Eq. 30.

Considering the terms of ;74 (&)p**(€) : i =1, 2, and 3 in Eq. 18, one can conclude that
for a straight channel (7 = 1), the pressure distribution is the same within the nozzle and
diffuser. By using a width profile function asymmetric with respect to the mid-plane z* =
¢ = 1/2, the distinct fluid-solid characteristics can appear at opposite fluid flow directions
(Fig. 47). For example, under the same pressure difference, piW* = 0 at the outlet regardless
of the flow direction. Whereas, because of the fourth order of W in the pW* term, a
two-time difference in the channel widths causes this term to be one order of magnitude
larger at the nozzle inlet compared with the corresponding value at the the diffuser inlet.
Such a noticeable difference in the pI/* term results in a considerable contrast between the
membrane deformations (Egs. 15 and 17) at opposite flow directions, and consequently a
flow rectification is obtained.

We define the Reynolds number as
Re(z) = ——————, (45)

where p denotes the fluid density (1000 kg/m? for water), and @ shows the average of the
flow-wise component of velocity. In addition, Dj refers to the hydraulic diameter. For the

microchannels studied in this work, where Hqy < W, we consider the hydraulic diameter as
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Figure 48: Reynolds number in the mid-plane (z* = 0.5) for water flow through the deformable nozzle/dif-
fuser microchannels with the the half-angle of # = 1.25°, small and large widths of 1 mm and 2 mm, and
various original heights, obtained from the 1-D coupled fluid-solid-mechanics model.

We can write

i) = ¢
W (x)(Hot < 0H > ) ()
2Q)
W (z)Dp()
From Egs. 45 and 47, one can write
2
Re(z) = Wgﬁ")' (48)

The obtained Reynolds number in the mid-plane (z* = 0.5) for water flow through the ex-
perimentally investigated deformable nozzle/diffuser microchannels are presented in Fig. 48.
According to Fig. 48, most of the experimentally studied cases, i.e. the channels with 2.6 um
and 4.6 pm in height under all the investigated pressure differences as well as those with
8.0 upm and 10.9 pm in height under the sufficiently small pressure differences, fall under
the Stokes flow regime (Re < 1). Particularly, a rectification ratio of about 1.4 has been
observed experimentally and theoretically for the channels with 2.6 pm and 4.6 wm in height

(Fig. 43) operating under the Stokes flow regime (Fig. 48).

Other liquids as working fluid: viscosity effects

To investigate the effects of the viscosity, we experimented with different working fluids whose

viscosity is substantially different from that of DI water. Methanol (u = 5.9 x 107 Pa.s) and
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Figure 49: Volumetric flow rate as a function of pressure difference across the deformable nozzle/diffuser
microchannel of ~ 4.6 um in height for two different working fluids: (a) Methanol (u = 5.9 x 10~* Pa.s) and
(b) Isopropyl alcohol (u = 2.3 x 1072 Pa.s). The dashed and dash-dotted lines show the results obtained
from the one-dimensional model for the deformable nozzle and diffuser, respectively. The insets show the
rectification ratio, i.e. ) = QNogzle/@Diffuser, as a function of pressure difference across the channel.

Isopropyl Alcohol (p = 2.3 x 1073 Pa.s) have been tested in the deformable nozzle/diffuser
with 4.6 pum in height. Figure 49 depicts the theoretical and experimental results of the
pressure drop vs. volumetric flow rate as well as the flow rectification ratios. Even though
the volumetric flow rate decreases as the fluid viscosity increases, the theoretical rectifica-
tion ratio remains the same for different studied fluids. The dimensionless volumetric flow
rate and consequently the rectification ratio depend on the pressure distribution within the

nozzle/diffuser microchannels (Eq. 16), which is solely dictated by the membrane properties

as well as the channel width and original height; see Egs. 18 and 19.
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Effects of width profile function

For the purpose of investigating the effects of nonlinear width profile functions, we consider

the width profile in diffuser direction as
Wp(z*) = Wi p + (Wop — Wip)z*™’, (49)

where 3 is an arbitrary variable for adjusting the width profile. The width profile function

for the diffuser direction can then be written as

(") = =14 (Top — 1)x*6, (50)

where 7, p = W, p/W; p. One can show that the same width profile can be written as
Wy (z*) = Won + (Wiy — Won) (1 —z*)°, (51)

for nozzle direction. The width profile function for the nozzle direction can then be written

as
Wy

() = g = T+ (L= ) (1= 2, 52)

where 7, y = W, y/W; n. The schematic representation of the nonlinear microchannel width
profiles is shown in Fig. 50 (a). Deformable nozzle/diffuser microchannels are considered to
be 2.6 pm in height with the half-angle of § = 1.25°, and small and large widths of 0.3 mm
and 2 mm.

Volumetric flow rates of water together with the rectification ratios obtained from the
proposed 1-D coupled fluid-solid-mechanics model are shown in Fig. 50 (b) for three width
profile functions related to § = 0.3, 1.0, and 2.0. It is perceived that the width profile with
B = 0.3 exhibits the rectification ratios larger than those of the linear width profile, i.e. § =
1.0, while the width profile with § = 2.0 results in the rectification ratios smaller than those
of the linear width profile. Although the small and large widths are the same for different

investigated profiles, the profile with g = 0.3 results in the channel widths larger than those

99



(b)
4 e [ Diffuser:
(] (W, p, W, p)=(0.3 mm, 2.0 mm)
16 () ® Nozzle:
3 (Wi, Wo,n)=(2.0 mm, 0.3 mm)
<
£ £ 14
3 4 X
= 2 =
P [ @
1.2 Wp=W, p+(W, p-W, p)x*P ®
1 . i D=VYYiD o,D' i,D. .
Wi=W,, v +H(W; y-Wo n)(1-x*)P () ®
0 1 ]
0 50 100 150 200 0.1 1 10

Ap (kPa)

Figure 50: (a) Schematic presentation of the nonlinear microchannel width profiles in the nozzle direction,
i.e. Wy = Wy + (W; — W,)(1 — )P as well as the diffuser direction, i.e. Wp = W; + (W, — Wi)x*ﬁ. (b)
Volumetric flow rates of water obtained from the 1-D coupled fluid-solid-mechanics model as a function of
pressure difference across the deformable nozzle/diffuser microchannels of 2.6 pm in height with the half-
angle of = 1.25°, and small and large widths of 0.3 mm and 2 mm for different with profiles. The inset
shows the rectification ratio, i.e. 7 = QNozle/@Diffuser, as & function of pressure difference across the channel.
(¢) The maximum rectification ratio for microchannels with different width profiles achievable within the
pressure difference range of 14 kPa — 206 kPa.

of the linear width profile. This increase in width improves the rectification ratio because
of extending the “wide” portion and shortening the “narrow ” portion of the channel. The
wide portion of the channel profile with § = 0.3 has a larger contribution in the net hydro-
dynamic resistance as opposed to the linear width profile. Extending the wide portion of the
channel makes the membrane displacement-induced change in the hydrodynamic resistance
more comparable with the overall hydrodynamic resistance, leading to the relatively larger
rectification ratios. The similar rationale can explain the smaller rectification ratios resulting
from the width profile with § = 2.0 compared with those of the linear width profile.

The maximum rectification ratio is presented in Fig. 50 (c) for the microchannels with

different width profile functions operating within the pressure difference range of 14 kPa —
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206 kPa. As explained earlier, extending the wide portion of the channel, i.e. decreasing [3,
increases the rectification ratio. However, for 5 < 0.3, the rectification ratio reduces as /3
decreases, since a very large extension of the wide portion of the channel results in the large
membrane deformations for the diffuser direction as well, reducing the contrast between
the diffuser and nozzle characteristics. It is observed that the most efficient performance
is delivered by the rectifier with the width profile related to f = 0.3 and the pertinent
maximum rectification ratio is n ~ 1.76. It should be noted that this value is not the
maximum rectification ratio achievable using the proposed rectification mechanism based
on the asymmetrically-shaped deformable microchannels, since we have fixed the small and
large widths and arbitrarily considered a specific shape for the width profile with one design
parameter, i.e. [, as expressed in Eqgs. 49 and 51. One might be able to achieve larger

rectification ratios using the more optimized width profile functions.

Conclusion

We have shown that passive rectification of the Stokes flow regime is possible for Newtonian
liquids by introducing the non-linear terms to the otherwise linear equations of motion. The
proposed nonlinearity stems from the coupled fluid-solid mechanics of the flow behavior in
an asymmetrically-shaped microchannel, i.e. nozzle/diffuser, with deformable ceiling. The
flow rectification ratio of ~ 1.2-1.8 has been demonstrated for common Newtonian liquids
like water and alcohol. The demonstrated rectification ratio of ~ 1.2-1.8 is comparable
with many of the rectifiers resorting to non-Newtonian fluids under the Stokes flow regime
[176-178]. The proposed platform is also more compatible with biospecies transport as
opposed to the rectifiers using the flap structure [180-182], or ball /particle-based check-valves
[184,185], wherein the biospecies can be damaged by or stuck to the flap or particles/balls.
Furthermore, due to the large hydrodynamic resistance of such shallow rectifiers, the leakage
flow rate under the off mode is significantly small, suggesting the described underlying physics
may be exploited to develop precise micropumps with low flow-rates as well as small-leakage

microvalves with potential bioapplications such as species transport, drug delivery, etc. We
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note that rectifiers with smaller dimensions can be made by using shorter and narrower
microchannels sealed by a more compliant membrane, which suggests new opportunities for
microfluidic integrated circuits. At the end, it is worth mentioning that the ODE presented
in Eq. 18 can be reduced to the Abel’s differential equation under the sufficiently low pressure
differences across the channel, where the terms with y? and y® play minor role in Eq. 18,
i.e. ag = az3 = 0. Under these conditions, one might be able to find an analytical solution

for the fluid-solid characteristics.
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Chapter 5: Low-Reynolds-number
compressible fluid flow through

straight deformable microchannels?

Questions

The main questions of this research are enumerated in the following.

e Can an analytical model be derived for low-Reynolds-number compressible fluid flows
of Newtonian fluids through a deformable straight microchannel to predict the main
structural-fluid characteristics such as the volumetric flow rate, pressure variation through

the channel, membrane deformation, etc?
e Can a master curve be found for mass flow rate versus pressure drop?

e How important channel deformability and fluid compressibility are under different regimes?

Mbotivations

Compressible fluid flows through microchannels, which are important in Lab-on-a-chip and
MEMS technologies, exhibit noticeable deviations from the incompressible Poiseuille flow
characteristics. On the other hand, thin layers used in Lab-on-a-chip and MEMS tech-

nologies as the sidewalls of microchannels add another layer of complexity to the problem.

2Reproduced from Physics of Fluids 30, 092003 (2018); https://doi.org/10.1063/1.5043202, with the permission of ATP
Publishing.
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To the author’s knowledge, there is no analytical model in the literature taking both fluid

compressibility and channel deformability into account, which motivates this research.

Objectives

The objective of this research are to find an analytical model simultaneously taking both
fluid compressibility and channel deformability into account for low-Reynolds-number fluid
flows and provide a deeper understanding of the structural-fluid characteristic behavior under

various levels of channel deformability and fluid compressibility.

Introduction

Compressible fluid flows through microchannels have attracted an increasing attention due
to its applications in Lab-on-a-chip and MEMS technologies such as micropumps [188,189],
flow rectification [190, 191], gas-liquid segmented microreactors [192-194), development of
non-destructive approaches for quality control of small channels [195], etc. In particular, a
gas flow through a microchannel is widely investigated theoretically [196-205] and experi-
mentally [206,207]. As new applications of compressible fluid flows through small channels
emerge, new fundamental fluid mechanics problems come to existence, necessitating theo-
retical and experimental investigations. Gas flows through microchannels with varying cross
sections [208-210], transient gas flows in microchannels [211,212], and gas-liquid flow through
microchannels [213,214] are a few of the pertinent examples.

Compressible fluid flows through a channel exhibit noticeable deviations from the incom-
pressible Poiseuille flow. Specifically, mass flow rate is underestimated under large pressure
differences across a channel if the fluid compressibility is neglected. Consideration of fluid
compressibility and density variations within a microchannel allows the Navier-Stokes equa-
tions to predict the fluid flow characteristics more accurately [204].

All of the aforementioned works focus on rigid channels. However, a microchannel with

a sufficiently thin ceiling, which is commonly encountered in MEMS and Lab-on-a-chip
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applications, can deform noticeably under sufficiently high pressures, causing the mass flow
rate to be underestimated if channel deformability is not taken into account [215]. Channel
bulging becomes more influential for shallower microchannels, where ceiling displacement
is more comparable with the undeformed channel’s height. The microchannel deformability
effects have been well studied in the context of incompressible fluid flows [154-160,187]. One-
dimensional models with [134] and without [19,163] the need of fitting parameters have been
developed to capture main fluid-solid characteristics of an incompressible fluid flow through
a deformable channel. However, a theoretical model capturing both channel deformability
and fluid compressibility is still missing in the literature.

In this chapter, we utilize the lubrication theory and wide-beam framework to develop a
one-dimensional coupled fluid-solid-mechanics model for prediction of characteristic behav-
ior of compressible fluid flows through deformable microchannels. An explicit relationship
is extracted for mass flow rate as a function of pressure difference across a microchannel,
undeformed channel dimensions, properties of channel’s ceiling such as thickness, modulus
of elasticity and Poisson’s ratio. The resulting fifth-order algebraic equation is also solved
numerically to obtain the pressure distribution within the microchannel. As a special case
for compressible fluid flows, characteristics of ideal gas flows are extracted from the gen-
eral model. Rigid and deformable microchannels are fabricated, and mass flow rates of
air through the channels are measured under various pressure differences across the chan-
nels. The proposed model predicts the mass flow rate with an acceptable accuracy. Our
experimental and theoretical results highlight the importance of fluid compressibility and
microchannel deformability, demonstrating that neglecting either of them under sufficiently
large pressure differences can lead to erroneous results. To the best of the author’s knowl-
edge, this is the first theoretical model simultaneously addressing both fluid compressibility
and microchannel deformability for an equilibrium pressure-driven compressible fluid flow in

microscale.
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Modeling

General Compressible Fluid Flow

The schematic representation of compressible fluid flow through a microchannel with a de-
formable ceiling is shown in Fig. 51. The one-dimensional model is based on the lubrication
theory, i.e. Hy < W < L, where Hy, W, and L refer to the microchannel original height
with no membrane deformation, width, and length, respectively. The thin-plate-bending
framework is considered for the elastic deformation, which requires 6H < t < W, where 6 H
is the membrane displacement and ¢ denotes the membrane thickness. Under these situa-
tions, and considering that W/L < 1, an arbitrary membrane’s infinitesimal slice across the
channel can be considered as a wide beam. The deflection profile of this slice is, therefore,
presented as

plx)W

0H(z,() = mf((), (53)

where ¢ = 2y/W, f({) = ((+1)*((—1)% and D = #ﬁjg) E and v denote the membrane’s

modulus of elasticity and Poisson’s ratio, respectively [186]. In addition, p refers to the gauge

Outlet

Inlet

Figure 51: (a) Schematic representation of a compressible fluid flow through a microchannel with a de-
formable ceiling together with (b) the cross-section view of the channel.
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pressure within the channel, which is constant at any x-plane, i.e. a plane normal to the
x-axis, according to the lubrication theory.

For an isothermal compressible fluid flow, we have:

b _ v, (54)
p

where p refers to the fluid density, and the isothermal compressibility is defined as

1[0V
v=v(3), .

in which V' shows the volume occupied by a fixed number of particles. The fluid density for an
isothermal compressible fluid flow with the temperature equal to the ambient temperature,

i.e. T'= Tym, can then be written as

dp
p(p + Patm; Tatm) = p(patm7 Tatm) + b\ - ) (56>
dp Patm 1Tatm

where p.im, refers to the ambient pressure. Substituting Eq. 54 in Eq. 56 results in

(57)
Patm 7Tatm> .

By defining p* = p/prer, where prer denotes the fluid density at ambient pressure and ambient

P(p + Datm, Tatm) =

p(patma Tatm) X <1 + PR

temperature, we can write

p* =1+ prr (58)

Patm;Tatm

Since the membrane displacement is significantly smaller than the channel width and
length, i.e. 0H < W < L, the membrane slope is very small, i.e. 00H/0x < 1 and
00H /0y < 1. Under these situations, the Poiseuille flow pattern can be assumed to be

locally valid. Furthermore, due to the assumption of Hy < W, a one-dimensional Poiseuille
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flow can be locally considered. The local mass flow rate can be written as

m(x) . _dp(:v) ,O(:U)W < H3 > (z)
 dx 124 ’

(59)

where g is the fluid dynamic viscosity, and H = Hy 4+ 0 H shows the channel’s local height.
In addition, the average of an arbitrary variable such as ¢ over a x-plane is obtained through
< ¢ >w= 1 [0 ¢lx,Q)dC.

In a non-dimensional form, where pyef, L, 1ref, Qret = Tret/ Pref, a0d Apper = 120 LCQrer/ WHS’
are used as the characteristic scales for length, mass flow rate, volumetric flow rate, and
pressure, respectively, the dimensionless mass flow rate through the deformable channel, i.e.

m* = 1 /My, can be written as

. dp*(a;*) < H3 > (%)
P 60
T T HP (60)

where p* = p/Apet, and x* = x/L. By defining y(z) = p(z)W*/384DH,, Eq. 53 can be
rewritten as dH(z,()/Hy = ~v(x)f(¢). Considering that < H® >= H} + 3H? < 6H >
+3Hy < (0H)? > + < (0H)? >, one can show that

< H3 >
Hg

=1+3(z) < f(O) >
(61)

+37%(2) < f2(Q) > +7°(2) < Q) >
We know < f(¢) >= 8/15, < f2(¢) >= 128/315, and < f3({) >= 1024/3003. Considering
that p* = 0 at 2 = 1 due to the fluid discharge into ambient air. One can define £ =1 — x*
and substitute Eq. 61 in Eq. 60, resulting in an initial-value problem for an arbitrary mass

flow rate of m = 1., .. * = 1, as shown in the following first-order non-linear ordinary
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differential equation (ODE):

(1 +arp™(€) + aap™(€) + 043]9*3(5)) X

)dp* © _,
patmyTatm dé- ’

*

Initial value: E=0: p" =0,

(1+p @1

where the dimensionless isothermal compressibility is defined as

*

K

Patm,Tatm

Ap ref)

Patm;Tatm

and the flexibility parameter, i.e. Y, and «; coefficients are

— W4Apref
X = 384DH,’
8 128 1024 4
ap = —X, e = —x°, and ag = ——x".
1 5Xa 2 105X ) 3 3003X
We can write Eq. 62 as
{1 + Bip* (&) + Bop™(€)
N . dp*(&
+ B (E) + Bup 4(5)} !

Initial value: E=0: p" =0,

where we define

6120614—%}

)
Patm,Latm

3
P2 = g + ankp

)
Patm,Tatm

%
Bs = a3 + agkyp )

Patm,Latm

and B4 = askp

Patm,Tatm
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The analytical solution for the ODE shown in Eq. 65 can be written as

P+ 20 + 2
By a Bi s (67)
+ By By = ¢
At inlet section, i.e. £ = 1, we have
gl Dy By By Papes) g (68)

2 3 4 >

where pi = p;/Apret = Ap/Aprer, and p; refers to the pressure at inlet. Let us consider an
incompressible fluid flow through a rigid microchannel as the reference case. For a given
pressure drop, an incompressible flow through a rigid channel represents the least mass
flow rate. Any deviation from this reference case due to channel deformability and/or fluid
compressibility would increase the mass flow rate. The parameter p; shows the fraction of
pressure difference across a rigid microchannel with an incompressible fluid flow, i.e. the
reference case, sufficiently large to produce the same mass flow rate in a general case, wherein
the channel can be deformable/rigid, and fluid flow can be compressible/incompressible.
Since the ODE presented in Eq. 62 is derived for m* = /e = 1, for a general case,
wherein fluid flow can be compressible/incompressible and channel can be deformable/rigid,
the mass flow rate of rige, = 17, is delivered under the pressure difference of Ap = p; Apyey.
Since mass flow rate is a linear function of pressure difference in case of an incompressible
flow through a rigid channel, a rigid channel under the pressure difference of p! Ap,.s delivers
the mass flow rate of Mimcomp., Rigid = P; MMrer With an incompressible working fluid. Therefore,
under the same pressure difference of p;Ap,e, the proportion of the mass flow rate of the
general case to that of the reference case, i.e. incompressible flow through a rigid channel,
equals 1/pf, which can be obtained from Eq. 68:
Mgen
Mincomp., Rigid Ap=const. (69)
br. B2oo B3 3 Pa

1 — — .
B L A R AR X
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One can show that

B 1 4
1= =gl =X (70a)
* 8 *
T, = @pf = —X"Ap K
3 15 pacsn T (70b)
128
315%
32
Iy = @pz‘?’ = \"Ap Ky
4 105 patszatrn (70C)
L 256
3003%
Br . 1024
AT, = 2yt = 22 (s 70d
an 4 5 pz 15015 p K;T patm,Tatm’ ( )

in which the modified flexibility parameter, i.e. x*, is defined as

W4Ap
e 71
X = 384DH, (71)

We can then write Eq. 69 as
mgen o
mlncomp., Rigid Ap=const.
5% T315% T 3003"

(72)

X

patm7Tatm
L8 B2 102
2 T 15% T105% T 1s015% )|

Two factors contribute in Eq. 72: 1) microchannel deformability and 2) fluid’s compress-

+ (Ap KT

ibility. The terms of 4x*/5 + 128x*2/315 4 256x** /3003 reflect solely the effects of channel

deformability, the term of Ap k| /2 stems from the compressibility of the fluid, and

patnnTatm

the terms of (8x*/15+ 32x*?/105 + 1024x**/15015)Ap x| show the hybrid influence

Patm,atm
of channel deformability and fluid’s compressibility.
For a deformable microchannel under an arbitrary pressure difference, the modified flex-

ibility parameter calculated from Eq. 71 is used to determine the variables I'; : i =1,2,3
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and 4 from Eq. 70, and consequently to obtain the important parameter of p; as

1
— ) 73
Ps 1+ + T+ T+ 1y (73)

By combining Eqs. 67, 68, and 70, variation of dimensionless pressure p = p/Ap within the

channel can be obtained from the following algebraic equation for 0 < ¢ <1land 0 <p < 1:

P(E) + T1p*(€) + Top®(€) 4 Dap* (&) + Tup’(§) =

(74)
(14T 4T+ 5+ Ty)é.

It is worth mentioning that regardless of existence or non-existence of analytical solutions
for roots of this equation, instead of finding p for a given location (§), which necessitates
dealing with difficulties associated with finding the physically meaningful roots of Eq. 74, we
evaluate £ for given values of p to obtain the pressure distribution graphs, i.e. p versus & or
equivalently p versus x*. Once the pressure variation within the microchannel is obtained,
one can use Eq. 53 to find the membrane deformation profile. In particular, the mean and

maximum deflections of the membrane can be written as

< O0H >y 8

e ZE* *7
T 5PE0)x -
5HmﬂX(x*) _ ~(I'*) *
HO 7p X .

A few different special cases can be resulted from the general equations presented in
Eqgs. 72 and 74 as illustrated in the following.
1) x* < 1and Ap kr & 1: Egs. 72 and 74 are simplified to

patmaTatm

Meen 1, (76a)

MIncomp., Rigid

and p(§) ~ &, (76b)

respectively. Under these conditions, fluid flow characteristics resemble those of incompress-

ible flow through a rigid channel.
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2) x* < 1: Egs. 72 and 74 are simplified to

Ngen 1
_ Meen o4 —Ap Kt : (77a)
mIncomp., Rigid 2 Patm,atm
_ 1 B
and p(f)—|—§Ap KT (&) ~
paim;Tatm ’ (77b)
1+ -=-A
( + 2 p " patmyT‘atm)é

respectively. Under these conditions, fluid flow characteristics resemble those of compressible
flow through a rigid channel. From Eq. 77 (b), one can show that pressure distribution within

the channel might be written as

(&) ~
1 2 1
) +(1+2 )¢
Ap kr Ap K (78)
patm,Tatm patmyTatm
1
Ap kr
patmyTatm
3) Ap Kkt & 1: Egs. 72 and 74 are simplified to
patm,Tatm
Mgen 4, 128 ., 256 4
— =1+ - — — 79
mIncomp., Rigid * 5X + 315X * 3003X ’ ( a)
and
_ 4 128 5 256 .5
PE) + =X () + X (€) + =X (9)
5 315 3003 (79b)
~ 5% T35 T 30030 /¢

respectively. Under these conditions, fluid flow characteristics resemble those of incom-
pressible fluid flow through a channel with the same modified flexibility parameter, which
is investigated in our other work [187]. Depending on the modified flexibility parameter’s
magnitude, altering the pressure difference across the deformable microchannel can acti-

vate/deactivate various orders of the modified flexibility parameter causing various distinct
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fluid-structural characteristics to emerge [187].

Ideal Gas Flow

As a special case of compressible fluid flows, an ideal gas flow can be investigated using the
general model derived in previous section. The isothermal compressibility of an ideal gas

flow is

oy _ ! (80)

Patm,Latm Patm

By substituting the isothermal compressibility of an ideal gas in the pertinent equations
derived in previous section, one can find the specialized model for an ideal gas flow, as
presented in the following.

Eq. 58 for an ideal gas flow:

=1+ ) 81
p patm ( )
Eq. 70 for an ideal gas flow:
1Ap 4
I'=- —_— 82
1 2patm + 5X ) ( a)
8 Ap 128 ,
'y =— e 82b
2 15path +315X 9 ( )
32 Ap .o 256 4
_ 22 * 2T x 82
ST 105 X T 3003° (82c)
1024 Ap 4
dly = —— * 82d
= 15015 pam (82d)
Eq. 72 for an ideal gas flow:
Mlgen B
mIncomp., Rigid Ap=const.
4 128 .5 256 4
1 Tk T K EEF 83
TEX 3N T 308X (83)

+
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For an ideal gas flow, pressure distribution within the channel can be obtained from Eq. 74
after evaluating the variables I'; : ¢ =1,2,3 and 4 from Eq. 82. After finding the pressure
distribution, the mean and maximum deflections of the membrane can be obtained from
Eq. 75.

It is worth mentioning that the results for the special case of x* < 1, presented in Eqs. 77

and 78, can be written as

Mg g4 1ap (84a)
MIncomp., Rigid 2 Patm
PO+ 52 ~ (145206 (31b)
and
B ~ ()" (14 2y - L, )

respectively, for an ideal gas flow. Under these conditions, ideal gas flow characteristics
resemble those of ideal gas flow through a rigid channel. In addition, when Ap/pam < 1,
ideal gas flow characteristics resemble those of incompressible fluid flow through a channel

with the same modified flexibility parameter, where Eqs. 72 and 74 are simplified to Eq. 79.

Materials and methods

To demonstrate the underlying coupled fluid-solid mechanics of compressible fluid flow
through a deformable microchannel, we fabricated deformable microchannels and performed
experiments to obtain the mass flow rate over the applied pressure difference range of 14-206
kPa. The detailed fabrication steps were previously reported elsewhere [164]. Briefly, de-
formable microchannels were created on glass substrates using photolithography and wet
etching, and sealed via adhesive bonding with a 2 um-SU8-coated PET (polyethylene tereph-
thalate) film (¢t = 100 pum, E' = 3 GPa, and v = 0.4). Bonding reinforcement was provided
using a glass slide with a sufficiently deep (~ 45 pm) etched pattern of the microchannel

allowing the membrane to deform freely under pressure. The reinforcement glass was bonded
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to bare side of the membrane using a 16 um SU8 layer (E ~ 2 GPa) [164,187]. For the
case of rigid microchannels, bonding reinforcement was done using a blank glass slide with
no etched pattern to suppress membrane deformations.

Structural effects of adhesive layers were taken into account by using the transformed-
section method [165]. The equivalent membrane thickness was calculated from ¢ = /121 /W,
where I denotes the three-layer membrane’s moment of inertia, and was used in parameter
D appearing in Eq. 71 in evaluating the modified flexibility parameter. From the aforemen-
tioned values for thickness and modulus of elasticity of different layers, £ ~ 113 pum.

Air was chosen as a model compressible fluid. The in-line pressure of air flow was ad-
justed using a pressure regulator (PneumaticPlus, PPR2-N02BG-4 Miniature Air Pressure
Regulator). A small water plug was placed within the outlet tube and pushed out by the
applied air pressure. The movement of water plug was monitored with a camera attached
to a stereomicroscope, and linear velocity of liquid meniscus was measured to calculate the
volumetric flow rate of air. Depending on the magnitude of volumetric flow rates, different

tube diameters were employed to better trace the water meniscus.

Results and discussion

Theoretical investigation

Dimensionless pressure variations within microchannel are shown in Fig. 52 for ideal gas
flows with various modified flexibility parameters and pressure differences. For a rigid mi-
crochannel (solid lines), the pressure variation is linear for an incompressible fluid flow, or
an ideal gas flow under sufficiently low pressure differences (Ap/patm < 1); see Fig. 52 (a).
The pressure variation deviates from a linear distribution as the pressure difference increases.
The channel deformability plays a similar role; the contrast between the pressure distribution
and the linear variation increases as the modified flexibility parameter increases.

Three general categories that play roles in fluid-solid characteristic behavior are 1) mi-

crochannel dimensions: W and Hj, 2) membrane thickness and structural properties, which
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Figure 52: Dimensionless pressure distribution within microchannel for ideal gas flows under (a) Ap/patm <
1, d.e. incompressible fluid flow, (b) Ap = patm, (¢) Ap = 2patm, and (d) Ap = 5patm for various modified
flexibility parameters. Note: Solid lines, i.e. x* — 0, show the rigid microchannel results.

are lumped into the parameter D, and 3) pressure difference across microchannel, Ap. All
of these factors are reflected into the modified flexibility parameter; see Eq. 71. It is worth
mentioning that the first and second categories solely influence the channel deformability,
while the third factor, i.e. pressure difference, affects both channel deformability and fluid
compressibility. As a result, for the microchannels with small modified flexibility parame-
ters (x* < 1), the fluid-solid characteristic behavior is dictated solely by pressure difference
regardless of microchannel dimensions or membrane properties. Whereas, the channel de-
formability effects increase as the modified flexibility parameter grows through any or combi-
nation of the following factors: decreasing the channel depth, increasing the channel width,

using the thinner and/or more flexible membrane, and increasing the pressure difference.
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As the modified flexibility parameter increases, the dominance of pressure difference in
fluid-solid characteristic behavior decreases and roles of the aforementioned categories 1 and
2 become more important. For example, one can observe from Fig. 52 that under an arbi-
trary pressure difference, there are not noticeable differences between pressure distributions
when the modified flexibility parameter changes from 0 to 0.1, while a significant contrast
appears when the modified flexibility parameter changes from 1 to 10. For a given pressure
difference, such contrasts are attributed solely to the first and second aforementioned cat-
egories. In addition, one can observe that pressure distribution within channels with the
modified flexibility parameters of 0 and 0.1 is noticeably altered by changing the pressure
difference over the range of 0-5paim, while for microchannels with relatively large modi-
fied flexibility parameters of 1 and 10, pressure distribution is not significantly affected by
pressure difference.

It is perceived from Fig. 52 that for a sufficiently low pressure difference across a chan-
nel with a small deformability, 7.e. x* < 1 and Ap/pam < 1, the local fluidic resistance
is constant (unchanged dp/dx). For a sufficiently high pressure difference and/or modified
flexibility parameter, however, the local fluidic resistance increases along the channels, i.e.
the magnitude of dp/dx increases. Regarding the effects of pressure difference across a chan-
nel, a larger pressure drop creates a larger density gradient within the channel due to the
compressibility of fluid. The fluid density decreases along the channel as the pressure de-
creases along the channel. According to the conservation of mass principle, such a decaying
density variation causes the fluid speed, shear rate, and local frictional resistance to increase
along the channel. Regarding the modified flexibility parameter’s effects, a larger modified
flexibility parameter represents a larger membrane deformation. According to Fig. 53, mem-
brane deflection at inlet increases as the modified flexibility parameter increases, while there
is no membrane deformation at outlet (p = 0). As a result, the open area that fluid sees
deceases as it flows toward the outlet, causing the local resistance to grow along the channel.
In addition, the larger membrane slope under a higher modified flexibility parameter causes

a larger growth in local fluidic resistance.
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Figure 53: Dimensionless average displacement of membrane along the microchannel for ideal gas flows with
various values of x* and Ap/patm. Note: Solid lines, i.e. Ap/patm — 0, show the incompressible fluid flow
results.

Variations of the parameters pf and 1/p; are shown in Fig. 54 for various modified
flexibility parameters and pressure differences. As mentioned earlier, the parameter p;
is of importance for compressible fluid flow through a deformable channel, since it cap-
tures the effects of fluid compressibility and channel deformability on mass flow rate, i.e.
1M/ TMincomp., Rigid = 1/P}. According to Fig. 54, the fluid compressibility effects are dominant
under sufficiently small modified flexibility parameters, while channel deformability plays the
more important role under sufficiently high modified flexibility parameters. The reason can
be deduced by inspecting Eqs. 70 and 73; the terms with higher orders of x* become more
important as the modified flexibility parameter increases, while the compressibility effects

appear as the linear term of Ap/paim.

Experimental investigation

Five different microchannels have been experimentally investigated in this work. The mi-
crochannels’ geometries are summarized in Table 9. The dynamic viscosity of air is considered

to be the constant value of 4 = 1.8 x 107° Pa.s. The ambient temperature and pressure
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Figure 54: Variations of (a) pf and (b) M /Mincomp., Rigid, &-€- 1/p}, in ideal gas flow as functions of modified
flexibility parameter under various pressure differences. Variations of (¢) p} and (d) m/Mincomp., Rigid, €.
1/p¥, in ideal gas flow as functions of pressure difference for various modified flexibility parameters. Note:
1. Solid lines in (a) and (b), i.e. Ap/patm — 0, show the incompressible fluid flow results. 2. Solid lines in
(c) and (d), i.e. x* — 0, show the rigid microchannel results.

are T = 295 K and pa = 101 kPa, respectively. The air specific gas constant equals
Rege = 287.058 J.kg' K.

Mass flow rates through Microchannels A-E are shown in Fig. 55 for various pressure dif-
ferences across the microchannels. As discussed earlier, an incompressible fluid flow through
a rigid channel produces a linear relationship between mass flow rate and pressure drop.
The 1 versus Ap data of air flow through Microchannel A shown in Fig. 55 (a), however,
reveals that under sufficiently large pressure differences, mass flow rate is significantly un-
derestimated by the model developed for incompressible fluid flows. Under sufficiently low
pressure differences, air flow through the rigid channel exhibits the characteristics of an
incompressible fluid flow through a rigid channel, i.e. Eq. 76 (a), while an increasing devia-

tion from incompressible flow’s behavior appears at increasing pressure difference, where the

compressibility effects become more important; see Eq. 77 (a).
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Table 9: The geometry of the microchannels studied experimentally in this chapter.

Microchannel Length (mm) Width (mm) Height (pm) Height-to-Width Ratio
Rigid:
A 9.0+ 0.5 1.5+0.1 7.5+04 5.00 x 1073
Deformable:
B 9.54+0.5 1.25+0.1 2.340.1 1.84 x 1073
C 9.54+0.5 2.0+0.1 2.34+0.1 1.15 x 1073
D 9.54+0.5 1.15+0.1 7.54+0.4 6.52 x 1073
E 9.54+0.5 2.240.1 8.240.4 3.73x 1073
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Figure 55: (a) Mass flow rate of air through Microchannel A as a function of pressure difference across the
channel together with the modeling results forcompressible flow through the rigid channel (Comp., Rigid)
and incompressible flow through the rigid channel (Incomp., Rigid). Inset shows the proportion of mass flow
rates of air through Microchannel A with and without compressibility taken into account. (b) Mass flow rates
of air through Microchannels B-E as functions of pressure difference across the channels together with the
modeling results for compressible flows through deformable channels (Comp., Deform.) and incompressible
flows through deformable channels (Incomp., Deform.). The error bars related to the experimental results
(averaged over three runs) are not visible if they are smaller than the markers’ size.

A non-linear relationship between mass flow rate and pressure drop is observed in Fig. 55
(b) for incompressible flows through deformable channels (dashed lines) due to the deforma-
bility of channel ceiling [187]. Similar to the rigid channel case shown in Fig. 55 (a), m
versus Ap experimental data shown in Fig. 55 (b) suggests that mass flow rate is signifi-
cantly underestimated by the one-dimensional fluid-solid mechanics model of incompressible
flows (dashed lines). The underestimation of mass flow rates using the incompressible fluid
flow model is clearly seen for all four deformable microchannel devices (Microchannels B-E).
Much better agreements between the experimental data and theoretical model can be found

when the coupled one-dimensional fluid-solid mechanics model captures the compressibility

of air flow (solid lines).

121



Comparing Microchannels B & C and Microchannels D & E, we find that for channels
with the same (similar) heights, ones with larger widths produce larger flow rates. Likewise,
flow rates of Microchannels B & D and Microchannels C & E can be compared for similar
widths and different heights, demonstrating that channels with larger heights produce larger
flow rates for similar widths. Therefore, it is obvious that Microchannel E (or B) delivers
the largest (or smallest) mass flow rate for a given pressure difference because of having
the largest (or smallest) width and height. However, an interesting crossing occurs when
comparing Microchannels C and D. Under sufficiently low pressure differences, Microchan-
nel D produces larger mass flow rates than Microchannel C does. However, the difference
in flow rates of two channels diminishes with increasing applied pressure, and flow rate of
Microchannel C grows at a much faster pace and becomes much larger than that of Mi-
crochannel D. This observation demonstrates again the dominance of channel deformability
effects under sufficiently large modified flexibility parameters, where higher orders of x* are
activated in Eq. 72, causing Microchannel C to deliver much larger mass flow rates than
Microchannel D does.

More insight into the underlying physics can be obtained through examining Eq. 72. A
variety of distinct characteristics can emerge depending on the magnitude of modified flexi-
bility parameter. Under sufficiently small modified flexibility parameters, i.e. x* < 1, mass
flow rate can be approximated as 7igen /Mincomp., Rigid = 1 +AD/2pagm. The terms with higher
orders of modified flexibility parameter become more important as x* increases. For the case
of sufficiently large modified flexibility parameter, i.e. x* > 1, one can approximate the mass
flow rate as 1igen/Mincomp., Rigid = x*3(256/3003 + 1024/15015 X Ap/patm), which results in
a height-independent and highly non-linear pressure-dependent characteristic behavior, i.e.
TMgen X Ap°.

Once the microchannel device is fabricated, two categories of channel dimensions and
membrane properties become fixed, rendering the pressure difference to be a lone parameter
that alters the fluid-solid behavior. In other words, variation of pressure difference across the

channel can activate/deactivate different terms in the right side of Eq. 72 through changing
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Figure 56: Variations of (a) modified flexibility parameter and (b) p! as functions of pressure difference
across Microchannels B-E.
the order of magnitude of modified flexibility parameter. As a result, a gas flow through a de-
formable microchannel might exhibit a variety of distinct characteristic behaviors depending
on pressure difference applied across the microchannel. Variations of the modified flexibility
parameter are presented in Fig. 56 (a) as a function of pressure difference across the inves-
tigated deformable microchannels. Among the microchannels studied in this work, because
of its relatively large width and small height, Microchannel C shows the largest modified
flexibility parameter and consequently the smallest p}; see Fig. 56 (b). As a result, the most
significant deviations of characteristic behavior of a gas flow through a deformable channel
from that of an incompressible flow through a rigid channel are observed in Microchannel C.
In order to further investigate the effects of microchannel deformability and fluid com-
pressibility, the mass flow rate obtained from modeling for different combinations of these
two factors are presented in Fig. 57. It is observed from Fig. 57 (b) that for a channel with
dimensions equal to those of undeformed Microchannel C, channel deformability plays a sig-
nificantly more important role in characteristic behavior than fluid compressibility does. The
reason is that for such wide and shallow microchannels, the modified flexibility parameter
is sufficiently large (Fig. 56 (a)) to activate the terms with higher orders of x* in Eq. 72,
whereas compressibility effects remain linear if present. The situation reverses for relatively

narrow and deep channels studied in Fig. 57 (c), where the modified flexibility parameter
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Figure 57: Mass flow rate obtained from the modeling for compressible flows through deformable chan-
nels (Comp., Deform.), incompressible flows through deformable channels (Incomp., Deform.), compressible
flows through rigid channels (Comp., Rigid), and incompressible flows through rigid channels (Incomp.,
Rigid). The dimensions of the microchannels are the same as those of undeformed (a) Microchannel B, (b)
Microchannel C, (c) Microchannel D, and (d) Microchannel E.
is sufficiently small to deactivate the higher orders of x* in Eq. 72, because of which the
deformable channel acts similar to its rigid counterpart. From Fig. 57 (c¢), compressibility
of fluid under sufficiently high pressure differences causes noticeable effects on mass flow
rate versus pressure difference characteristic curves, while there is not remarkable contrast
between deformable and rigid microchannels.

The discrepancies between the theoretical and experimental results shown in Fig. 55 can
be attributed to several factors as explained in the following:
1) Clamping effects— The one-dimensional model does not predict the characteristics ac-

curately close to the inlet/outlet ports due to the inherently three-dimensional nature of

fluid-solid mechanics in those areas. In particular, because of correlating membrane defor-
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Figure 58: Variations of (a) maximum membrane displacement at inlet and (b) Reynolds number at outlet,
as functions of pressure difference across Microchannels B-E.

mation solely with local pressure within the channel, the one-dimensional model predicts
the membrane deflection to be maximum at inlet, while in practice a smaller membrane
deflection arises close to the inlet because the membrane is clamped. As a result, mass flow
rate can be overestimated, similar to what is observed in case of Microchannel D, due to this
intrinsic inconsistency of the one-dimensional model.

2) Relatively large width-to-length ratio— The lubrication theory and wide-beam frame-
work necessitate the channel length to be much larger than its width, i.e. W/L < 1, which
is not quite met for the studied microchannels. In particular, the width-to-length ratio is
rather large for Microchannel E, i.e. W/L =~ 0.23. If microchannel is not sufficiently long,
membrane’s infinitesimally small slices across the channel cannot be accurately approxi-
mated as wide beams. Under these situations, local membrane deflection is influenced not
only by local pressure but also by upstream pressure within the channel, as a result of which
membrane exhibits a larger deformation than predicted by the model, which can cause mass
flow rate to be underestimated, similar to what is observed in case of Microchannel E.

3) Relatively large membrane deformation— Membrane’s elastic deformation in this
work is based on thin-plate-bending framework, which necessitates membrane deformation
to be much smaller than its thickness, i.e. 0 H < t. As shown in Fig. 58 (a), this requirement

is not perfectly met for Microchannels C and E under too large pressure differences.
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4) Relatively large Reynolds number— The one-dimensional model is developed based on
low-Reynolds-number-flow assumption, i.e. Re <« 1. As shown in Fig. 58 (b), the Reynolds
number can be relatively large when pressure difference is large. Under these conditions,
inertia effects can cause the Poiseuille flow pattern to be locally disturbed.

5) Relatively large Knudsen number— The one-dimensional model developed in this
work is based on continuum mechanics with no-slip velocity boundary condition on walls.
The limit of continuum models is somewhere between Kn = 0.5 and 1 [205], while the
transition regime is typically split into a slip regime at lower Knudsen numbers, i.e. Kn
~ 0.05 [205], wherein the Navier-Stokes equations are joint with higher-order boundary
conditions to predict the gas flow characteristics accurately [205,216]. The Navier-Stokes
equations accompanied by no-slip boundary condition starts to fail for Knudsen numbers
larger than about 0.01. The Knudsen number, i.e. Kn = \/H = W(u/p}[), where
A denotes mean free path of gas molecules, has been calculated for different microchannels
under various pressures. The average Knudsen number Kn,,, = (Kn; + Kn,)/2, where Kn;
and Kn, refer to the Knudsen numbers at inlet and outlet, respectively, varies between 0.004
and 0.029 for the microchannels studied in this work, which partially falls under the slip-flow
regime category. Although the Navier-Stokes equations are still applicable to this Kn range,
the velocity slip on walls can cause mass flow rate to be underestimated by our model. The
slip boundary condition can be implemented to Eq. 59 in order to derive a more accurate

one-dimensional model for the slip-flow regime.

Conclusion

A theoretical coupled fluid-solid-mechanics model was developed for compressible fluid flow
through deformable microchannels to predict fluid-solid characteristics such as the mass flow
rate, pressure distribution within microchannel, membrane deformation, etc. The model is
based on the lubrication theory and wide-beam framework. The analytical solution allows us
to elicit an explicit correlation between pressure difference across the channel and mass flow

rate. The effects of fluid compressibility and channel deformability on characteristic behavior
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of fluid flow have been studied theoretically and experimentally. The results showed that
distinct characteristics can emerge under various pressure differences. Compressible fluid
flow through a deformable microchannel resembles incompressible flow through the rigid
counterpart under sufficiently small pressure differences, while height-independent and highly
non-linear pressure-dependent characteristics, e.g. 1 oc Ap®, appear under sufficiently large
pressure differences. The current model has been developed assuming the no-slip boundary
condition on the walls. Implementation of slip velocity boundary condition remains for future

works to develop similar models appropriate for larger Knudsen number regimes.
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Chapter 6: Low-Reynolds-number
compressible fluid flow through

asymmetric deformable microchannels

Questions
The main questions of this research are enumerated in the following.

e Can an analytical model be derived to simultaneously capture fluid compressibility,
channel deformability, and width profile effects for low-Reynolds-number flows of New-

tonian fuids?

e How does a width profile affect the fluid-solid mechanics of low-Reynolds-number com-

pressible flows of Newtonian fluids through deformable microchannels?

e Can a membrane deformation-induced change in hydrodynamic resistance provide direction-
dependent net hydrodynamic resistance and compressible flow rectification under the

Stokes flow regime?

Mbotivations

Fluid flows through microchannels with width profiles different from that of a straight mi-
crochannel are commonly used in Lab-on-a-chip and MEMS technologies. An analytical

model simultaneously taking fluid compressibility, channel deformability, and width profile
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effects into account is still missing in the literature, which motivates this research. To the au-
thor’s knowledge, rectification of low-Reynolds-number gas flows with equilibrium processes
has not been demonstrated, which further motivates this research to examine the feasibility

of rectifying compressible flows under the Stokes regime.

Objectives

The objectives of this research are to develop a universal analytical tool for studying Stokes
flows of Newtonian liquids and gases through deformable channels with an arbitrary width

profile, and to investigate the feasibility of compressible flow rectification.

Introduction

In Chapter 5, both channel deformability and fluid compressibility were taken into account
to study fluid flow through straight microchannels. In this chapter, the model is extended
to capture the microchannels’” width profile as well. Inspired by our findings from Chapter
4, we are particularly interested in asymmetrically-shaped microchannels in hopes of being
able to rectify equilibrium gas flows (Knudsen number smaller than 0.01) under the Stokes
flow regime (Re < 1). Although a rarefied gas flow rectification ratio of ~ 1.1 has been
reported [190,191] using tapered channels under the slip flow regime (O(Kn) ~ 1072-1071),
to the author’s knowledge, rectification of low-Reynolds-number gas flows with equilibrium
processes (Kn < 0.01) has not been demonstrated. Here, we develop a universal analytical
tool for studying low-Reynolds-number compressible fluid flows through asymmetrically-
shaped deformable microchannels, leading to demonstration of gas rectification ratios of ~

1.2-1.7.
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Modeling

General compressible fluid flow

The schematic presentation of a compressible fluid flow through a nozzle/diffuser microchan-
nel with a deformable ceiling is the same as that shown in Fig. 40. The one-dimensional
model developed in this work is based on the lubrication theory necessitating Hy < W < L,
where Hy, W, and L refer to the microchannel original height with no membrane deforma-
tion, width, and length, respectively. The thin-plate-bending framework is considered for the
elastic deformation, which requires 6H < t < W, where dH is the membrane displacement
and t denotes the membrane thickness. Under these situations, an arbitrary membrane’s in-
finitesimal slice across the channel can be considered as a wide beam. The deflection profile
of the slice is then obtained from the Euler-Bernoulli beam theory and can be presented as:

0H (, ()

=A@ ), (56)

where ¢ = 2y/W(z), f(Q) = (C+1)*(¢ = 1)%, y(z) = p(x)W*(x) /384D Hy, and D = E .
in which £ and v denote the membrane’s modulus of elasticity and Poisson’s ratio [186]. In
addition, p refers to the gauge pressure within the channel, which is constant at any x-plane
(normal to the x-axis) according to the lubrication theory.

Since the membrane displacement is significantly smaller than the channel width and
length, i.e. 6H < W < L, the membrane slope is very small, i.e. 00H/0r < 1 and
00H /0y < 1. Under these situations, and considering the sufficiently small nozzle/diffuser
half-angle (#) with an attached flow throughout the channel, a local mass flow rate can be
written as m(z) = —W;}(w)ww) < H? >(,), where p and p refer to the fluid density
and dynamic viscosity, respectively, and H = Hy + 0 H shows the channel’s local height. In
addition, the average of an arbitrary variable such as ¢ over a x-plane is obtained through

1 ¢=+1

< ¢ >w= 3 Jo=1 #(x,¢)d(. In a non-dimensional form, where the fluid density at ambient

pressure and ambient temperature, p.., is used for the density unit, L for the length unit,
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Myer for the mass flow rate unit, Quef = 7yer/prer for the volumetric flow rate unit, and
Apyet = 12uLQ, et/ Wi HY as the pressure unit, the dimensionless mass flow rate through the

deformable channel, i.e. 1h* = /1., can be written as

' dp*(x*) W*(x*) < H3 > (2%
* * 87
m*=—p T - 3 , (87)

where W; refers to the channel width at inlet, p* = p/prer, p* = p/Aprer, ©* = x/L, W* =
W/L, and W} = W,;/L. In general, the fluid density can be variable within the channel
due to the compressibility effects. For an isothermal fluid flow, we have p* = 1 + pkr,
where k7 denotes the isothermal compressibility of the fluid at ambient pressure and ambient
temperature. Considering that < H® >= H3+3HZ < §H > +3Hy < (6H)* > + < (6H)? >,

one can show that

< H? > .
T() =1+3y(@") < f(C) >@n
0 (88)

+372(z*) < f2(C) > +7° (@) < F2(C) > -

We know < f(¢) >= 8/15, < f2(¢) >= 128/315, and < f3({) >= 1024/3003. Considering
that p* = 0 at x* = 1 due to the fluid discharge into the ambient air, after defining ¢ = 1—x*
and substituting Eq. 88 in Eq. 87, one can obtain an initial-value problem for an arbitrary
mass flow rate of m = 1y, i.e. m* = 1, as shown in the following first-order non-linear

ordinary differential equation (ODE):

(1+a174(§)p*(£) +aam(©)p(€) + 0437122?*3(5)) X

(1+r©m ) — 1,

*

Initial value: £€=0 : p* =0,

(89)

where the dimensionless isothermal compressibility of the fluid is defined as k7 = KpApyer,

131



and the width profile function, i.e. 7(§), flexibility parameter, i.e. y, and «; coefficients are

(&) = W(§)/W;, (90a)
AprerV'Zl
= 2Pty b
X =3R4pH,’ (90b)
8 128 1024
o1 = pX, 02 = e, and oy = e (90¢)

For a nozzle/diffuser microchannel with a linear variation of the width, 7(§) = 7,4+ (1 —1,)¢,
where 7, = W, /W; and W, refers to the channel width at outlet. The governing equation
is reduced to that of the fluid flow through a deformable shallow straight microchannel
(Chapter 5) [217] for the special case of 7 = 1. The ODE presented in Eq. 89 is solved
numerically to find the pressure distribution within the channel, i.e. p*(§), and other fluid-

solid characteristics.

Ideal gas flow

As a special case of the compressible fluid flows, an ideal gas flow can be investigated using the
general model derived in the previous section (Chapter 5). The isothermal compressibility

of an ideal gas flow is

1
RT = . 91
patmyTatm patm ( )
By using the isothermal compressibility of the ideal gas, one obtains
1
K = —, (92)
g Patm,Latm Patm

where p¥, = Patm/Aprer. The governing coupled fluid-solid mechanics equations for the ideal

gas flows can then be derived as

(1 +arm(E)p"(§) + ar®(E)p™(E) + 04371229*3(5)) X

<1 +p**(§)>7(§)dp;§§) 1, (93)

Patm
*

Initial value: &£=0 : p* =0,
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where the width profile function, flexibility parameter, and «; coefficients are the same as

defined in Eq. 90.

Materials and methods

Fabrication

The microchannels were created through glass wet etching process, drilling the via-holes,
and adhesive bonding using a 2 pm-SU8-coated PET (polyethylene terephthalate) film
(t = 100 pm and v = 0.4) followed by bonding reinforcement using a glass slide with
the sufficiently deep (~ 45 um) etched pattern of the microchannel allowing the membrane
to deform freely under pressure. The reinforcement glass is bonded to the bare side of the
membrane using a 16 pm SUS layer [164,187]. In order to take the structural effects of the
adhesive layers into account, by using the transformed-section method [165], the equivalent
membrane thickness, calculated from ¢ = \S/W , where I denotes the three-layer mem-
brane’s moment of inertia, was used in parameter D appearing in Eq. 90 (b) to evaluate the
flexibility parameter. The modulus of elasticity of SU8 and PET film were considered to
be 2.5 GPa and 3.5 GPa, respectively. The reason for considering slightly larger elasticity
modulus values for the SU8 and the membrane compared with the corresponding values in
Chapter 4 is that we had to carry out our experiments to obtain all the required data-sets of
flow rate vs. pressure drop across different devices over several weeks starting with liquids
as the working fluid, followed by the investigation of air flow. We noticed that flow rate
was slightly decreasing after several weeks, which might be contributed to the membrane
becoming slightly stiffer due to aging. Considering the aforementioned values for thickness

and modulus of elasticity of different layers, ¢ ~ 113.7 pum.

Flow rate measurement

Compressed air, whose pressure was adjusted using a pressure regulator (PneumaticPlus,

PPR2-N02BG-4 Miniature Air Pressure Regulator) was injected through the microchannel.
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The gas discharged from the microchannel was guided through a tube with a known inner
diameter, where a small water plug was placed and pushed out by the applied air pressure.
The movement of the water plug was monitored with the camera attached to the stere-
omicroscope, and the linear velocity of the liquid meniscus was measured to calculate the
volumetric flow rate in outlet (Q) and mass flow rate (m = p,;;@Q) of the air. Depending on
the magnitude of the flow rates, different tube diameters of 0.794 mm, and 3.175 mm were
employed to better trace the water meniscus. The hydrodynamic resistance of the capillary
tubes is at least three orders of magnitude smaller than that of the studied devices to avoid

the spurious effects on the measured mass flow rates.

Results and discussion

In Chapter 5, we have already shown the importance of both fluid compressibility and mi-
crochannel deformability in studying the coupled fluid-solid mechanics, demonstrating that
neglecting either of them under sufficiently large pressure differences can lead to erroneous
results. To examine the compressibility effects on the characteristic behavior of the flow,
particularly the rectification ratio, we have investigated air flows through the fabricated
nozzle/diffuser devices. The devices used in this work are the same as those used in Chap-
ter 4. Regarding the modeling, air is assumed to behave as an ideal gas, and its dynamic
viscosity is considered to be a constant value of ;1 = 1.8 x 107° Pa.s. The ambient tempera-
ture and pressure are 295 K and 101 kPa, respectively. The air specific gas constant equals
Rgge = 287.058 J.kg ' K.

The Reynolds number in the mid-plane (z* = 0.5) varies from O(1073) to O(10™!) for the
investigated flows. The mass flow rates of the air flow through nozzle/diffuser microchannels
with different original heights obtained from both modeling and experiments are shown in
Figs. 59 and 60 for rigid and deformable microchannels, respectively. In order to obtain
the theoretical results for the incompressible fluid flows, the isothermal compressibility is
considered to be zero in Eq. 89. Also according to Eq. 90, the flexibility parameter and con-

sequently the «; coefficients in Eq. 89 are zero for a fluid flow through a rigid microchannel.
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Figure 59: Mass flow rate of air as a function of pressure difference across the rigid (Rig.) nozzle/diffuser
microchannels with small and large widths of 1 mm and 2 mm and a half-angle of 1.25° for various original
heights of Hy = (a) 2.6 um, (b) 4.6 um, (c) 8.0 pm, and (d) 10.9 pm. The modeling results with and without
compressibility effects taken into account are shown by dotted and solid lines, respectively.
It is perceived from Fig. 59 that unlike an incompressible fluid flow through a rigid mi-
crochannel, the mass flow rate of the air flow increases nonlinearly with pressure difference.
Yet the rigid nozzle and diffuser exhibit the same characteristic behavior resulting in no flow
rectification, i.e. the hydrodynamic resistance is not dependent on the fluid flow direction.
For the case of deformable microchannels, however, a nozzle delivers a larger mass flow rate
under the same pressure difference, resulting in a fluid flow rectification; see Figs. 60 and 61.
The rectification ratio, which is defined in this work as 17 = MNogse/MDiffuser; 1S Presented
in Fig. 61 for the investigated deformable microchannels. We found that the rectification
ratio of air flow is slightly smaller than that of the liquid flows (Fig. 43). For the flow of a fluid
with larger compressibility, the local fluidic resistance increases along the channel because of

a larger density gradient within the channel. The fluid density decreases along the channel

as the pressure decreases along the channel. According to the conservation of mass principle,
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Figure 60: Mass flow rates of air as a function of pressure difference across the deformable (Def.) nozzle/dif-
fuser microchannels with small and large widths of 1 mm and 2 mm and a half-angle of 1.25° for various
original heights of Hy = (a) 2.6 um, (b) 4.6 um, (c) 8.0 um, and (d) 10.9 wm, together with modeling results
for the air flow being considered as a compressible (Comp.) and incompressible (Incomp.) flow.

Figure 61: Experimental and theoretical values of the air flow rectification ratio, i.e. 17 = MNogasle/MDiffuser;
as a function of pressure difference across the deformable nozzle/diffuser microchannels with small and large
widths of 1 mm and 2 mm and a half-angle of 1.25° for various original heights of H
4.6 pum, (c) 8.0 pm, and (d) 10.9 pm.

(a) 2.6 um, (b)



such a decaying density variation causes the fluid speed, shear rate, local frictional resistance,
and net fluidic resistance to increase along the channel. As a result, the contribution of the
wide portion in the nozzle’s hydrodynamic resistance decreases for a nozzle, while that
increases for a diffuser. Consequently, the membrane displacement-induced reduction in the
hydrodynamic resistance of a nozzle decreases, while that increases for a diffuser, leading to
a rectification ratio smaller than that of the incompressible flows. Regardless of the lower
rectification ratios of compressible flows compared with those of incompressible flows, this
work still reports the first demonstration of rectifying an equilibrium gas flow (Knudsen
number smaller than 0.01) under the Stokes flow regime with rectification ratios of ~ 1.4.

Similar to incompressible flows studied in Chapter 4, the geometry of rectifiers can be
modified for achieving higher rectification ratios. Eqs. 89-90 are the general governing equa-
tions applicable to any time-independent compressible Newtonian fluid flows through a long
and shallow microchannel with a deformable ceiling and an arbitrary width profile as long
as dW/dx < 1, so that the fluid flow characteristics for a straight channel and the straight
wide-beam theory are locally valid. As shown in Fig. 62, the linear width profile function
can be modified for achieving larger rectification ratios.

An important advantage of the illustrated rectification mechanism and other flow reg-
ulation techniques accompanied by a theoretical fluid-solid-mechanics model, such as the
elastic snap-through fuse demonstrated by Gomez et. al [218], is that the microchannel
can be reliably designed using the theoretical model. Whereas, the inertia-based rectifiers
inherently functioning in the presence of vortices are governed by the non-linear Navier-
Stokes equations, making it difficult to deterministically predict the fluid-solid behavioral
characteristics.

The Knudsen number, i.e. Kn = A\/H = \/7/2RsgcTotm(pt/pH), where X denotes the
mean free path of the gas molecules, has been calculated for different microchannels under
various pressures. For the microchannels studied in this work, the average Knudsen number
Kn,ye = (Kn;j+Kn,)/2, where Kn; and Kn, refer to the Knudsen numbers at inlet and outlet,

respectively, varies between ~ 0.003 for highest pressure difference across the deepest channel
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Figure 62: (a) Schematic representation of different channel width profiles in the nozzle direction, i.e.
Wy = W, + (W; — Wo)(1 — 2*)P, as well as the diffuser direction, i.e. Wp = W; + (W, — Wi)z*ﬁ. (b)
Mass flow rates of air obtained from the 1-D coupled fluid-solid-mechanics model as a function of pressure
difference across the deformable nozzle/diffuser microchannels of 2.6 pm in height with the half-angle of
6 = 1.25°, and small and large widths of 0.1 mm and 2.4 mm for different width profiles. (¢) The maximum
rectification ratio, 77 = MNogzle/MDiffuser, for microchannels with different width profiles achievable within
the pressure difference range of 14-206 kPa. The inset shows the rectification ratio as a function of pressure
difference across the channel for three width profiles with g = 0.2, 1.0, and 2.0.

and ~ 0.03 for lowest pressure difference across the shallowest channel, which partially
falls under the slip-flow regime category for few data points related to the low pressure
differentials across the shallowest channel. Although the Navier-Stokes equations are still
applicable to this Kn range, the velocity slip on the walls can cause the mass flow rate to
be underestimated. The slip boundary condition can be implemented to Eq. 87 in order to

derive a one-dimensional model suitable for the compressible Stokes flows under the slip-flow

regime.
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Conclusion and outlook

The model derived in this work simultaneously takes into account microchannel deformabil-
ity, fluid compressibility, and microchannel’s width profile, which makes it a universal tool for
studying low-Reynolds-number flows of Newtonian liquids and gases in microscale. We have
mathematically and experimentally demonstrated that the rectification mechanism proposed
in Chapter 4 is universally applicable for passive rectification of compressible and incompress-
ible flows of Newtonian fluids (liquids and gases) under the Stokes regime by introducing the
non-linear and direction-dependent terms to the otherwise linear equations of motion. The
described underlying physics may be exploited to develop gas micropumps, isolation of rare

particulate matters within air and accurately determining their size distribution, etc.
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Chapter 7: Passive particle filtration
and isolation using deformable

microfluidics

Questions

The main questions this research aiming to address are enumerated in the following.

e [s it feasible to make a passive microfluidic device for particle filtration and isolation

purposes without the need to the external actuation?
e What would be a throughput range?

e Are disposable and reusable platforms obtainable for particle filtration?

Motivations

Size exclusion, yet low-throughput, is among the most precise separation mechanisms. Oper-
ating based on this mechanism, rigid microfluidic filters are widely used for separating large
particles from their aqueous media. One of the weaknesses of this approach is that once it
is fabricated, the microfluidic device has a fixed opening size, which dictates an established
specific diameter threshold for the particles being able to pass through the filter. There-

fore, filtration of particles with different sizes would require new devices with corresponding
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opening sizes. Furthermore, the target large particles are not isolated spontaneously for the
potential post-filtration analysis.

Deformable microfluidic filters with a cutoff pore size tunable through squeezing the
microchannel using the pneumatic actuation of the membrane with different pressure levels
have been, therefore, receiving a growing interest because of a few advantages compared
with the traditional rigid microfluidic filters, such as filtration and isolation of particles
with different sizes, less problematic channel blockage issues, etc. The difficulties associated
with the necessity of employing the pneumatic actuation for particle trapping, and the
requirement of the continuous actuation for keeping the trapped particles stationary for the
post-trapping analysis and handling purposes motivate this work to seek a new class of

pneumatic-actuation-free deformable microfluidics.

Objectives

The main objective of this research is to design and develop a pneumatic-actuation-free,
and passively tunable microfluidic filter for filtration and isolation of particles from aqueous

solutions. Both disposable and reusable platforms are of our interest.

Introduction

In the context of the suspension constituents separation, the filtration techniques [46-48] and
the centrifuge-based approaches [219] have probably the longest history of application in var-
ious bioanalytical processes. Being time-consuming, expensive, and labor-intensive, however,
are the main difficulties associated with the traditional approaches. More importantly, the
traditional techniques need a rather large amount of the samples to function properly. This
fact limits their applications in the situations that either or both of the specimen volume
and the cell count are low. In these situations, the rare species can be lost easily by using a
large-scale traditional technique. The idea of the centrifugal force exploitation is successfully

miniaturized by emerging the Lab-on-a-CD technology [220,221].
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On the other hand, a variety of different microfluidic devices are developed to miniaturize
the filtration process in a much smaller scale [8,222-230]. Wei et. al. [231] fabricated the
porous membranes based on the development of the perforated membrane mold to create
a single filter containing multiple pore sizes within a monolithic three-dimensional PDMS
microfluidic structure. McFaul et. al. [232] created a physical cell separation device where
cell samples are transported through a matrix of funnel constrictions using an oscillatory flow.
Small and deformable cells move through the constrictions in a forward flow, while large and
rigid cells are blocked. When the flow direction is reversed to unclog the constrictions, small
and deformable cells are unable to pass back through due to the higher resistance in this
direction. Wang et. al. [233] developed a porous silicon nanowire-on-micropillar structure
for trapping exosome-like lipid vesicles, while simultaneously filtering out the proteins and
cell debris. Interestingly, the trapped lipid vesicles are recovered intact after dissolving the
porous nanowires in the PBS buffer.

The particles even smaller than the filter pore size can be trapped among the larger
particles. The accumulation of all these large and small particles can result in the filter
clogging rather quickly. In order to alleviate the difficulties associated with channel clogging,
Yoon et. al. [53] imposed a low frequency mechanical oscillation to the fluid flow by using
a piezoelectric actuator, to release the smaller species trapped among the larger ones so
that the smaller species can pass through the filter. The fouling phenomenon caused by
the particle deposition is also a significant limitation in the filtration applications. The
effects of the ionic strength, pH, and solution concentration need to be studied to reveal
the underlying mechanism of fouling and mitigate the difficulties associated with fouling
[234-236]. The other drawback of the filtration process, in general, is its relatively low
throughput, compared to many of the other available techniques particularly based on the
inertia-based separation approaches [43,44,237]. The inertia-based techniques as well as
those based on the hydrodynamic fractionation [238,239], fractionation using the external
electric field [64,240], magnetic field [241,242], acoustic field [243,244], etc., are generally

capable of sorting the particles into several separate size bands, while the filtration strategy
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is suitable for filtering particles larger than a specific cutoff pore size.

In spite of these restrictions, filtration is still widely used because it is among the most
reliable techniques with regards to the separation efficiency. The pore size of the filters can
be wisely designed so that almost none of the target cells can pass through the filter, while
the purity level of the collected solution is generally lower using the other techniques [245].
This unique advantage keeps the filtration strategy as one of the most widely used techniques
in order to filter/concentrate cells, in general, and rare cancer tumor cells, in particular.

Externally adjusting the geometry of the flexible microfluidic devices have already been
reported for tuning the functionality of the microfluidic separators [14,78-81]. There have
been also numerous efforts to develop the tunable microfluidic filters with an adjustable cut-
off pore size by using the external pneumatic actuators [15-17,152,153,246-248]. The main
strategy of these techniques is to utilize a sufficiently deep and deformable microchannel,
which can be squeezed under a pressure applied on the membrane using the external pneu-
matic actuation in a separate control chamber. The decrease in the microchannel height
can be tuned by adjusting the pressure of the control chamber. Huang et. al. [15,153]
have used this gating control mechanism to adjust the cutoff pore size by applying various
pressures to the movable membrane sealing the microfluidic filter. They have demonstrated
the microbeads and cells with different diameters can be trapped under various pressures.
A similar strategy was employed by Beattie et. al. [17] to trap different sizes of beads/cells
by adjusting the control layer pressure. They have used the resettable structures with the
ability to alternate between capturing the target beads and cells from the mixture and re-
leasing them back into the flow channel. Liu et. al. [16] have also used the adjustable
pneumatic structures for trapping and releasing the target cells. Besides the requirement of
the pneumatic actuation for trapping the target particles, the necessity of the continuous
pneumatic actuation of the membrane for the trapped particles to remain stationary can
pose difficulties with regard to the convenience of working with these devices, whenever the
pertinent post-analysis, microscopy, and handling of the device are important.

Here, we introduce a new class of deformable microfluidics for particle filtration and
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Figure 63: The schematic representation of (A; — A3) the pneumatic actuation-based strategy for particle
trapping in comparison with (B; — By) the new idea presented in this work without the the need to the
pneumatic actuation. In the pneumatic actuation-based approach, the channel is sufficiently deep so that all
the particles can pass through the channel (A7), while a sufficiently large pressure in the pneumatic channel
can cause the membrane deformation and trapping the sufficiently large particles (Az). The trapped particles
can be retrieved by lifting the pressure within the pneumatic channel and applying a particle-free fluid flow
(A3). In the new strategy presented in this work, the duct on the weir is sufficiently shallow not to allow the
large particles to enter the shallow passage under the sufficiently low pressure difference across the channel,
i.e. filtration (B;), while the membrane deforms more with increasing the pressure difference enabling the
target particles to be trapped on the weir under an appropriate pressure difference range, i.e. isolation (Bs).
Under a sufficiently large pressure difference, the particles can pass through the device without membrane
obstructions (Bs). The trapped particles can be retrieved using a particle-free fluid flow with a sufficiently
large volumetric-flow rate (By).

isolation without the need of a separate actuation scheme for adjusting a control layer. The
schematic representation of the conventional pneumatic actuation-based tunable microfluidic
filters and that of the pneumatic actuation-free strategy proposed in this work are presented
in Fig. 63. The technique proposed in this work utilizes a micro-weir with a deformable
ceiling providing a shallow duct (several microns in height in the absence of membrane
deformations) with a tunable height on top of the weir. The microchannel width on the micro-
weir is sufficiently large (several millimeters) to allow a sufficiently large membrane deflection
(O(1-10 pm)). Under the sufficiently small pressure differences across the microchannel, the
large particles are filtered behind the micro-weir, i.e. filtration (Fig. 63 (B;)). The bulging

due to the membrane deformation under an appropriate range of the pressure difference
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across the channel allows the large particles to enter the shallow region of the microchannel,
and to be trapped there, i.e. isolation, while the sufficiently small particles can be filtered
out (Fig. 63 (Bs)). The microchannel returns to its undeformed geometry when the pressure
difference is lifted, causing the trapped particles on top of the micro-weir to be sandwiched
and remain stationary. By increasing the pressure difference sufficiently, the large particles
find a sufficiently large opening to pass through the channel (Fig. 63 (Bs)), which enables
the retrieval of the trapped particles (Fig. 63 (By)).

After providing some design guidelines and illustrating the fabrication technique, we di-
vide the rest of this chapter into two parts: Part I: disposable platforms, in which retrieving
the trapped particles is not needed, and Part II: reusable platforms, in which an efficient
particle retrieval is required. It should be noted that in Part I, trapped particles are still
removed whenever possible to be able to carry out multiple experiments using the fabricated

devices.

Design

In order to provide some design guidelines, single-height straight microchannels are consid-
ered in this section. Effects of different parameters such as the microchannel dimensions
and pressure difference across the channel on the membrane deflection and particle sieving
are investigated via numerical simulations based on the model described in Chapter 2. The

PET film thickness is 200 gm throughout this work.

Pressure effects

The different height levels of the deformed PET film by pressurized fluid flows have been
shown in Figs. 64 and 65 for two microchannels with different dimensions. The PET film
deflection profile for various pressure differences across the two studied channels are also
shown in Fig. 66 for the inlet and outlet sections. It is perceived that the deformable mi-
crochannel can be hypothetically exploited as a tunable sieve with various opening levels at

the outlet. Such mechanism does not need an external actuation. Instead, it relies on the

145



25 25

5 5
1 1
(a) (b)
25 25
' 21 ] 21
17 17
13 13
. 9 , 9
5 5
1 1

: 25 : 25
21 21
17 17
13 13

, 9 , 9
5 5
1 1

(e) ()

Figure 64: The different height levels (um) of the 200-micron-thick PET film at various pressure differences
of (a) 15 kPa, (b) 30 kPa, (c) 45 kPa, (d) 60 kPa, (e) 75 kPa, and (f) 90 kPa across the microchannel 6 mm
and 2 cm in width and length, respectively.

different membrane deflections under various pressure differences across the microchannel.
For example, the configuration shown in Fig. 64 (a) can be used to allow the particles with
diameters smaller than Hy + 1.5 um to pass through the channel, where Hj refers to the
original height of the microchannel in absence of the pressure difference across the channel,
while the particles larger than Hy + 1.5 um will be trapped inside the channel. On the
other hand, according to Fig. 64 (f) the same device can still be used to allow particles
with diameters between Hy and Hy + 9.5 um to pass through the filter under the pressure
difference of 90 kPa across the channel, while the particles larger than Hy + 9.5 um will be
trapped inside the channel. It is worth mentioning that the magnitude of Hy determines the
minimum particle size that can be sieved. The shallow microchannel is, therefore, of utmost

importance for such passively tunable filters to be applicable to the target cells several mi-
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Figure 65: The different height levels (um) of the PET film at various pressure differences of (a) 15 kPa, (b)
30 kPa, (c) 45 kPa, and (d) 60 kPa across the microchannel 8 mm and 4 em in width and length, respectively.
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Figure 66: The PET film deflection profile under various pressure differences at the (a, ¢) inlet and (b, d)
outlet sections for two microchannels of (a, b) 6 mm and 2 ¢m in width and length, respectively, and (c, d)

8 mm and 4 c¢m in width and length, respectively.

crons in diameter. It should be noted here that at this step, the discussion is purely based on

the membrane deflection contours. Later in this chapter, we will discuss that the particles

momentum cannot be boundlessly high, since it can cause:
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Table 10: The pressure effects investigation for a microchannel 6 mm and 2 c¢m in width and length,
respectively.

Pressure (kPa) 30 45 60 75 90
Mean deflection (um) 13.4 20.2 26.9 33.6 40.3
Maximum deflection at outlet (um) 3.1 4.7 6.2 7.8 9.4
Initial height (Ho) = 2.2 um:
Volume flow rate (ml/min) 1.4 6 17.4 40.5 81.1
Average velocity w (m/s) 0.1215 0.371 0.83 1.58 2.66
Reynolds number (£44) 7.55 33 96 222 444
Particle Reynolds number for a 10-micron bead (Re x (dp/dn)?) 0.8 1.7 2.9 4.4 6.2

2
Stokes number for a 10-micron bead (pp;li’#) 0.024 0.051 0.088 0.135 0.192

e the particles larger than expected to pass through the channel too because of the PET
film compliance, which allows the PET film to deform more in contact with the high-

momentum particles, and

e the particles to be stuck in the wedges, which makes it significantly hard to remove the

trapped particles at the end.

Similarly, the microchannel 8 mm and 4 em in width and length, respectively, can be used
to separate particles with diameters smaller than Hy+ 3.5 pwm and smaller than Hy+9.5 ym
under the pressure differences of 15 kPa and 45 kPa across the channel, respectively, as
shown in Fig. 65 (a) and (c) and Fig. 66.

In the next step, in order to predict the fluid flow and the particles motion behavior, the
important parameters representing the fluid flow characteristics are estimated. The model
proposed for the ultra-low-aspect-ratio microchannels in Chapter 2 will be used. Briefly,
the deformable microchannel is replaced by a non-deformable channel with a height equal
to the average height of the deformable microchannel under pressure. The mean PET film
deflection is shown in Table 10 in presence of the various pressure differences across a mi-
crochannel 6 mm and 2 e¢m in width and length, respectively. Furthermore, by considering
a microchannel with the original height equal to 2.2 pm, more details about the fluid flow
and the motion of particles 10 um in diameter with a density of 1100 kg/m? are presented.

The high volumetric flow rate might be attractive in operation, since it would gener-

ate high-throughput microfluidic filters with tunable opening size. However, as previously
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Table 11: The effects of the pressure difference across the channel as well as the microchannel original height
on the PET film deformation and the characteristics of the flow through a microchannel 8 mm and 4 ¢m in
width and length, respectively.

Pressure (kPa) 15 30 45 60

Mean deflection (pm) 21.0 42.1 63.1 84.2

Maximum deflection at outlet (um) 3.2 6.5 9.7 13

Initial height (Ho) = 2.2 pm:

Volume flow rate (ml/min) 0.188 2.6 12.5 384

Average velocity w (m/s) 0.0169 0.1222 0.4 0.93

Reynolds number (%) 0.7812 10.76 52 158

Particle Reynolds number for a 10-micron bead (Re x (dp/dr)?) 0.036 0.139 0.310 0.541
2

Stokes number for a 10-micron bead (“2g2/2™) 0.002 0.008 0.019 0.033

Initial height (Ho) = 7 pum:

Volume flow rate (ml/min) 0.33 3.5 15.4 45.1

Average velocity @ (m/s) 0.0245 0.15 0.46 1.03

Reynolds number (%d") 1.37 14.63 64 186

Particle Reynolds number for a 10-micron bead (Re x (dp/dr)?) 0.044 0.154 0.331 0.572
2

Stokes number for a 10-micron bead (2222/1%) 0.003 0.009 0.020 0.035

dy /u

pointed briefly, the particles cannot have a very large momentum. For the design purposes,
in order to quantitatively take the particles momentum into account the particles Reynolds
number is evaluated. In order to achieve a deterministic behavior of the particles, the Stokes
number as well as the particle Reynolds number are preferred to be as small as possible so
that the particles trajectory can be more accurately predicted by considering the fluid flow

velocity field and the deflection contour of the membrane.

Height effects

The original height of the microchannel in absence of the pressure difference across the
channel, Hy, plays an important role in determining the height of channel after applying
the pressure: H = Hy + 0, where 0 is the average PET film deflection. Therefore, it can
affect the fluid flow behavior as well as the particles” motion through the channel. The
important characteristics of the flow are presented in Table 11 for two microchannels 8 mm
and 4 cm in width and length, respectively, with different original heights of 2.2 um and
7 pm. It can be seen that the effects of the microchannel original height are noticeable
on the volumetric flow rate due to the flow rate dependency on H?3. The non-dimensional

parameters, however, do not change significantly, since the PET film deformation is much
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Figure 67: The different height levels of the PET film at the pressure difference of 15 kPa across the 4 cm-long
microchannels of (a) 4 mm, (b) 6 mm, (c) 8 mm, and (d) 10 mm in width.

larger than the original height of the channel, and consequently the deformed channels
heights are almost the same for the two studied microchannels. Hence, for the case that
the membrane deflection is much larger than the channel original height, the microchannel
original height can be flexibly modified for the design purposes without the significant change

in the fluid flow characteristics.

Width effects

As the fluid flow through the deformable microchannels was examined analytically in chap-
ter , the microchannel width plays a crucially important role in the membrane deflection,
fluid-solid interactions, and consequently the fluid flow behavior. The different height levels
of the PET film at the pressure difference of 15 kPa across the 4 ¢m-long microchannels
with various widths are shown in Fig. 67. The important characteristics of the fluid flow
are also presented in Table 12 for the studied microchannels assuming the original height
of the channels to be equal to 2.2 um. It is noticed that the characteristic parameters like
(particle) Reynolds number and Stokes number can vary orders of magnitude with slightly

changing the microchannel width. Among the considered cases, only the microchannels with
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Table 12: The microchannel width effects for the microchannels 4 ¢m long and a pressure difference of 15
kPa.

Width (mm) 10 8 6 1

Mean deflection (um) 51.3 21.0 6.7 1.3

Maximum deflection at outlet (um) 9.9 3.2 0.8 0.1

Initial height (Ho) = 2.2 um:

Volume flow rate (ml/min) 2.9 0.188 0.008 3e-4

Average velocity w (m/s) 0.0893 0.0169 0.0025 3.9e-4

Reynolds number (£22s) 9.51 0.78 0.0437 0.003

Particle Reynolds number for a 10-micron bead (Re x (dp/dn)?) 0.084 0.036 0.014 0.006
2

Stokes number for a 10-micron bead (pp;li’#) 0.0051 0.0022 0.0009 0.0003

Table 13: The effects of microchannel width on the structural-fluid characteristics of the fluid flow through
the microchannels 4 c¢m long with nearly identical opening size at the outlet section.

Width (mm) 6 8 10
Pressure difference (kPa) 90 20 7
Mean deflection (um) 40.1 28.1 24.0
Maximum deflection at outlet (um) 4.6 4.3 4.6
Initial height (Ho) = 2.2 um:

Volume flow rate (ml/min) 5.1 0.55 0.16
Average velocity @ (m/s) 0.334 0.038 0.01
Reynolds number (£44) 28.1 2.3 0.52
Particle Reynolds number for a 10-micron bead (Re x (dp/dr)?) 0.40 0.06 0.02
Stokes number for a 10-micron bead (pp;lz’#) 0.0242 0.0039 0.0012

8 and 10 mm widths are able to provide a reasonable opening size at the outlet section for
the studied pressure difference of 15 kPa.

In order to be able to compare the structural-fluid characteristics of various microchan-
nels, they need to be considered under the different appropriate pressures so that all the
deformable channels, i.e. tunable microfluidic filters/sieves, provide the same opening size
at the outlet. In this way, all the tunable sieves allow the same size of particles to pass
through the channel or to be trapped inside the channel. Then, one can compare the solid-
fluid characteristics of the microchannels with various geometries and choose the one with
more suitable characteristics in terms of volumetric flow rate, (particle) Reynolds number,
Stokes number, etc. For example, the different height levels of the PET film are shown in
Fig. 68 for the microchannels with various widths under the appropriate pressure differences
so that the opening size at the outlet section is about 4.5 um. The effects of microchannel
width on the structural-fluid characteristics of the fluid flow through these microchannels

are also reported in Table 13. Immediately, the very important fact is noticed:
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Figure 68: The different height levels of the PET film for 4 ¢m-long microchannels with (a) 6 mm width
and 90 kPa pressure difference, (b) 8 mm width and 20 kPa pressure difference, and (c) 10 mm width and 7
kPa pressure difference. The maximum membrane deflection at the outlet is about 4.5 um for all the cases.

For the same opening size at the outlet, the slightly narrower microchannel
might necessitate the orders of magnitude larger (particle) Reynolds number
and Stokes number. Under these conditions, the particles possess high momen-
tum causing adverse effects such as clogging, passing through the filter even with
diameters larger than the opening size, and so on. The shallow microchannels
with ultra-low aspect-ratios are, therefore, of utmost importance for the idea
of the tunable microfilters without the need to the pneumatic actuation to be

made reality.

After discussing the importance of having an ultra-low-aspect-ratio microchannel, it is worth

mentioning that the microchannel width should not be too large because:

e the required pressure to cause a specific membrane deflection can decrease below the

resolution of the commonly available and economic pressure regulators, and

e for a specific opening size at the outlet section, the volumetric flow rate decreases
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noticeably as the microchannel width increases, see Table 13.

Fabrication

The single-height microchannels and rigid double-height microchannels are fabricated based
on the developed two-step sealing—and—reinforcement approach illustrated in Chapter 2.
The schematic presentation of the fabrication process flow for double-height deformable
microchannels is also shown in Fig. 69. The procedure is similar to what we described
in [164] with the difference that the flexible membrane is allowed to deform even after the
reinforcement step. Briefly, the patterns of the microchannel sidewalls are created through
the glass wet etching procedure. The via-holes are drilled in the glass slide (Fig. 69 (A)). The
190 pm-thick PET (Polyethylene terephthalate) film coated with a thin SU8 film (~ 2 pm)
then seals the channel sidewalls on the hotplate at 69+ 1°C'. The bubbles are removed using
the tweezers (Fig. 69 (S1)). The SU8 adhesive layer is cured using the UV exposure and
baking on the hotplate (Fig. 69 (Sz)). The SU8 layer of about 15 pm in thickness is spun
on the bare side of the PET film. The pattern of the microchannel sidewalls is created in
a separate glass slide, which is used for the bonding reinforcement. The patterns in the
reinforcement glass slide are sufficiently deep (~ 50 um) to enable the membrane to deflect
freely. The reinforcement glass slide’s pattern is aligned with that of the main microchannel
under the mask aligner. The reinforcement glass slide is brought in contact with the SUS8
layer spun on the bare side of the PET film. An initial bonding is made by applying a slight
pressure on the reinforcement glass slide against the PET film (Fig. 69 (R;)). The stack is
then clamped using several clips. The stack is baked in the oven at about 69°C. After the
UV exposure and baking on the hotplate, the bonding procedure is completed (Fig. 69 (Sz)).
A PDMS interconnect with holes are bonded to the glass slide for injection and collection of

sample.
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Figure 69: Schematic presentation of the fabrication process flow: (A) the microchannel sidewalls are cre-
ated using the double-step glass wet etching. (S;) A PET film coated with a thin layer of SU8 seals the
microchannel sidewalls. (So) The chip is undergone with UV illumination and post-exposure baking to cure
the adhesive layer. (R1) A glass substrate with the same pattern as that of the main channel is aligned and
brought in contact with the SUS8 layer coated on the bare side of the PET film. (Rs) The sample is undergone
with UV illumination and post-exposure baking to cure the adhesive layer at the bonding interface of the
reinforcement glass and the PET film.

Part I: Disposable platforms

For the purpose of making single-use devices, particle trapping is the only task to accomplish
and particle removal is not needed. A microfluidic sieve based on the traditional rigid strategy

will be studied in the following. A single-height deformable channel will then be used to
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Figure 70: (a) The microscope image of the double-height deep—shallow microfluidic sieve, together with
(b) a schematic presentation of the (top) top-down-view and (bottom) side-view of the deep—shallow—deep
interfaces, showing the small enough particles passing through the channel, while the large enough ones are
trapped. The channel height is 32.0 pum and 5.7 um in the deep and shallow regions, respectively. Scale bar
=5 mm in (a).

investigate the feasibility of adjusting the pore size. The design will be modified afterwards

for achieving a more efficient particle trapping.

Rigid microfluidic filter

In this section, the results for a rigid microfluidic sieve, consisting of the double-height
deep—shallow microchannel, are presented. The microscope image of the microchannel to-
gether with a schematic presentation of the size exclusion mechanism are shown in Figs. 70
(a) and (b), respectively. The microchannel is reinforced using a blank glass slide to avoid
the PET film deflection. Hence, the opening size of the filter remains fixed under pressure.
The solution containing the particles is injected from the inlet, and the small enough par-
ticles passing through the channel are collected from the outlet. The valves connected to
the lateral channels are closed during the sample injection step. For removing the trapped
particles, the DI water is injected from the outlet and the lateral ports. In order to filter the
10-micron microspheres from a solution containing 3- and 10-micron particles (from Poly-
sciences, Inc.), the microchannel is fabricated in such a manner that the deep and shallow

regions are 32.0 um and 5.7 pum in height, respectively.
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Figure 71: (a) The microscope image of the deep—shallow interface of the microfluidic filter, while the exper-
iment of sieving 3-micron and 10-micron particles is running under the volumetric flow rate of 10 ul/min,
showing the 3-micron particles can pass through the channel, whereas the 10-micron particles are trapped,
together with a higher magnification image in (b). (c) The microscope image of the deep—shallow interface
after applying the back- and lateral-flows to remove the trapped particles. Scale bar = 100 wm in (a) and
(c), and 50 pm in (b).

The particles are mixed with the DI water and 0.05% Triton X-100, so that the number
concentration of 10-micron and 3-micron particles is 2 x 10° ml~! and 3 x 10% ml~!, respec-
tively. Before running the experiments, the microchannel is filled with the phosphate buffer
solution (from Sigma-Aldrich) mixed with 1% Triton X-100. After one hour, the buffer solu-
tion and the excess of the surfactant molecules are removed by gently flushing the DI water
through the channel. The device is then ready for the filtration experiment.

The microscope images of the deep—shallow interface, while the sieving experiment is
running under the volumetric flow rate of 10 pl/min, are shown in Figs. 71 (a) and (b).
It can be seen that the 10-micron particles are trapped behind the deep—shallow interface,
while the 3-micron beads are passing through the channel. The microscope image of the
deep—shallow interface is also shown in in Fig. 71 (c) after the trapped particles are removed
by applying the back- and lateral- flows. As shown, most of the trapped particles are

removed from the channel, and the sieve is ready for the next injection step. Making the

process of injection and collection of the particles automated, and finding the optimized
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Figure 72: A camera image showing the microchannel 5 mm, 1 ¢m, and 7.1 um in width, length, and height,
respectively, together with the PDMS interconnect for insertion of tubing used for the injection and collection
of sample.

injection/collection flow rates and duration times, etc., can be done to make such simple

filters efficiently applicable.

Particle filtration using a tunable microfluidic sieve with the simple design

As a simple examination, in order to investigate the possibility of altering the opening level
of the sieve, and consequently filtering the particles with various diameters, a microchannel
is fabricated, which is 5 mm, 1 em, and 7.1 um in width, length, and height, respectively.
The ceiling of the microchannel is the deformable PET film without reinforcement. A camera

image showing the microchannel together with a PDMS interconnect is presented in Fig. 72.

The utilized sample in this work is the hollow glass microspheres (from Sigma-Aldrich)
with the density of p = 1100 kg/m?® mixed with DI water in a number concentration of
105 mi~!. The nominal size range of the microspheres is 9-13 pm, but examination of
sample under the microscope revealed that there are indeed particles with the diameter even
as small as few microns and as large as several tens of microns. The size distribution of the
sample is shown in Fig. 73 (a). In order to avoid the potential agglomeration of particles, a
0.2%(W/V)Triton X-100 is also added to the mixture. First, the solution is injected through

the channel under the pressure of 2 psi, 7.e. about 13.8 kPa. The filtrate is collected in a
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Figure 73: The particles size distribution related to the (a) injected sample, as well as that of the collected
particles from the outlet under the pressure differences of (b) 2 psi (13.8 kPa), (c) 6 psi (41.4 kPa), and (d)
10 psi (69.0 kPa) across the microchannel sequentially after the microchannel is blocked at lower pressure
difference. The microchannel is 5 mm, 1 ¢m, and 7.1 pwm in width, length, and height, respectively. The
number concentration of the glass particles in the main sample is 106 mi~!.

vial, which is put on an analytical balance so that the flow rate is also monitored over time.
After the microchannel is virtually blocked, several droplets of the filtrate are sandwiched
between the cover slips. The size distribution of the particles in the filtrate is obtained by
analyzing the images taken under the microscope by using the ImagelJ software. The same
process is followed for the pressures of 6 psi, i.e. about 41.4 kPa, and 10 psi, i.e. about 69.0
kPa.

The size distribution related to the particles in the injected sample together with that
of the particles within the filtrate under various pressure differences across the channel are
compared in Fig. 73. It can be seen that the maximum size of the particles passing through
the channel is about 9 um, 11 um, and 15 um under the pressure differences of 2 psi, 6 psi,
and 10 psi, respectively.

The PET film deformation contours obtained from the modeling are shown in Fig. 74

for the pressure differences of 2 psi, 6 psi, and 10 psi across the microchannel. In addition,
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Figure 74: The PET film deflection (um) contour for the microchannel 1 ¢m and 5 mm in length and width,
respectively, under the pressure differences of (left) 2 psi (13.8 kPa), (middle) 6 psi (41.4 kPa), and (right)
10 psi (69.0 kPa).
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Figure 75: The different height levels (um) of the PET film under the pressure differences of (left) 2 psi
(13.8 kPa), (middle) 6 psi (41.4 kPa), and (right) 10 psi (69.0 kPa) across the microchannel 1 em and 5 mm
in length and width, respectively.

50
40
30
20
10

PET displacement (um)
o L N W & U

PET displacement (um)
=N W
o O o
b // 4
PET displacement (um)

6 8 0 1 2 3 4 0 1 2 3 4 5
x (mm) y (mm) y (mm)

Figure 76: The PET film deflection profile (left) along the centerline of the microchannel 1 ¢m and 5 mm in
length and width, respectively, (middle) across the inlet section of the channel, and (right) across the outlet
section of the channel, under the pressure differences of 2 psi, i.e. 13.8 kPa, (cross), 6 psi, i.e. 41.4 kPa,
(circle), and 10 psi, i.e. 69.0 kPa (diamond).

the top-down view of the different height levels of the PET film is shown in Fig. 75. The
PET film deflection profile along the channel at the center-line as well as that across the
channel at the inlet and outlet sections are also shown in Fig. 76. According to the PET film
deformation profile at the outlet, the maximum displacement of the microchannel ceiling is
about 1.1 pm, 3.5 um, and 5.8 um under the pressure differences of 2 psi, 6 psi, and 10 psi,
across the channel, respectively. Since the microchannel original height in absence of the
pressure is 7.1 pum, the sieve opening is predicted to be about 8.2 um, 10.6 pm, and 12.9 um
under the pressure differences of 2 psi, 6 psi, and 10 psi, respectively. These results are in
agreement with the size distributions found for the collected particles under the different
pressures (Fig. 73).

Even though the filtration of particles with different diameters under various pressure
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Figure 77: A particle larger than the predicted filter opening size found in the filtrate. The particle is about
926 ym in diameter. The scale bar is 100 microns.
differences is demonstrated in overall, some particles larger than the predicted sieve opening
size are also found sporadically in the filtrate as shown in Fig. 77, which is not reflected
clearly in the size distribution of the filtrate shown in Fig. 73, since these large particles
form a small fraction of the population examined statistically. Presence of particles with
the diameter larger than the opening size of the sieve means that the particles momentum
is not sufficiently low, as a result of which the PET film is forced to deflect more than that
predicted from the modeling. It is worth mentioning that the all the modeling approaches
considered in this work are based on the membrane deflection under the static load.
It has already been demonstrated that this approach can acceptably predict the steady state
fluid flow characteristics. In the case of the particulate suspensions, however, the particles
momentum is exchanged with the membrane whenever they collide with the wall resulting
in a force exerted on both particles and membrane in opposite directions. If the particles
momentum is too large, i.e. both or one of the large mass and high speed, it can cause a
force/pressure on the membrane locally larger than that that resulted in just by the much
smaller fluid atoms. As a result, even if the fluid flow is considered to be in the steady state,
the presence of particles causes the unsteady forces on the membrane typically larger than
that predicted by the models only based upon the static pressure of the fluid flows.

In this work, we still keep using the developed models for the membrane deflection under

the static pressure of the fluid flow, but the inertia effects of the fluid and particles are
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Table 14: The effects of pressure difference on the structural-fluid characteristics of the fluid flow through
the simple tunable sieve consisting of a deformable microchannel 1 ¢m long and 5 mm wide.

Pressure difference (psi) 2 6 10

Pressure difference (kPa) 13.8 414 69.0

Mean deflection (pm) 3.0 8.9 14.9

Maximum deflection at outlet (um) 1.1 3.5 5.8

Initial height (Ho) = 7.1 pm:

Volume flow rate (ml/min) 0.035 0.423 1.831

Average velocity u (m/s) 0.0117 0.0881 0.2774

Reynolds number (%) 0.2361 2.8101 12.1517

Particle Reynolds number for a 10-micron bead (Re x (dp/dn)?) 0.0581 0.2762 0.6332
2

Stokes number for a 10-micron bead (p”zz#) 0.0035 0.0169 0.0387

Particle Reynolds number for a 30-micron bead (Re x (dp/dn)?) 0.5228 2.4857 5.6988
2

Stokes number for a 30-micron bead (ppj;”#) 0.0319 0.1519 0.3483

also examined through the characteristic parameters of (particle) Reynolds number and the
Stokes number. The structural-fluid characteristics of the particulate fluid flow through
the studied tunable sieve are presented in Table 14. The observation of particles larger
than the opening size of the sieve implies that the Stokes and particle Reynolds numbers
are not sufficiently small for these beads to all be trapped within the deformable filter. The
particle momentum and consequently the Stokes and particle Reynolds numbers significantly
increase with diameter (oc di). For example the Stokes and particle Reynolds numbers for
the 30-micron beads are 9 times as large as those of the 10-micron beads. In order to ensure
the most precise filtering process the Stokes and particle Reynolds numbers need to be as
small as possible for the largest beads within the sample. As previously shown theoretically,
the aforementioned characteristic numbers can be significantly reduced by increasing the
microchannel width. Later in this chapter, the modified design with the larger microchannel
width will be studied as well.

The volumetric flow rate of DI water through the fabricated tunable sieve obtained
through the experiments compared with the modeling results is shown in Fig. 78 (left).
The models are able to acceptably predict the flow rate through the channel under various
pressure differences. In addition, the accumulated mass over time in the series of sequential
experiments of injecting the samples containing about 10° glass micro-particles per milli-litre

with various pressure differences across the channel is presented in Fig. 78 (right). It can be
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Figure 78: (left) The volumetric flow rate of DI water through the microchannel 5 mm, 1 em, and 7.1 pm in
width, length, and height, respectively, obtained through the experiments compared with a primitive numer-
ical model used in this work. (right) The accumulated mass over time in a series of sequential experiments
of injecting the sample containing about 10% glass micro-particles per milli-litre with the pressure differences
of 2 psi (13.8 kPa), 6 psi (41.4 kPa), and 10 psi (69.0 kPa) across the channel.

Figure 79: A microscopy image showing the trapped particles in the microchannel after the channel is blocked
under the pressure difference of 10 psi (69.0 kPa).

perceived that the channel gets clogged after about one minute under the pressure of 2 psi
(13.8 kPa). In this time window, about 200 pl filtrate is collected. For the highest pressure
studied in this work, 10 psi (69.0 kPa), the channel clogging happens after similar time
period, but a larger amount of filtrate, about 2.5 ml, is collected during this time period.
A microscopy image showing the trapped particles within the microchannel after the
microchannel is blocked under the pressure difference of 10 psi (69.0 kPa) can be seen in

Fig. 79. Based on our observations, the sufficiently small particles can be removed under
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a very low back pressure, while the sufficiently large trapped particles remain stationary,
since they do not have the needed momentum to cause sufficient membrane deflection to
move backward through the channel. Such a simple mechanism for preparing anchored

monolayers of cells/particles might be useful for highly sensitive bio-analysis.

Particle filtration using a tunable microfluidic sieve with the modified design

In this section, a tunable microfluidic sieve with the modified design is investigated with
the aim to resolve the difficulties observed previously associated with particles larger than
the pore size passing through the filter because of possessing high linear momentums. As
observed earlier, wider microchannels are useful to mitigate the aforementioned issue. For
such wide microchannels (several millimeters in width), a double-height channel is needed to
guide particles through a deep channel until they reach the main part of the device, which
is the wide and shallow duct.

The design of the device is the same as that shown in Fig. 70. However, the membrane
is free to deform, since the channel is reinforced using a glass slide with the same pattern of
the main channel. The patterns in the reinforced glass slide are 50 pum deep, which dictates
the maximum deflection of the PET film. The deep and shallow regions of the channel
are about 50 and 6 microns, respectively. The channels connecting the active zone of the
device, i.e. shallow region, to the inlet/outlet ports required to be deep enough for the
particles to easily move through the rest of the channel. In general, the larger depth of
the deep regions is more preferred, since it decreases the hydrodynamic resistance of the
channel. However, if the difference between the depths of the deep and shallow regions is
large enough the shallow region dominates the total hydrodynamic resistance of the channel.

In that situation, increasing the depth of the deep regions is no longer recommended because:
e it makes the glass etching process longer, and

e the dead volume of the device increases, which is not desirable for the bioapplications

relying on the minute amount of the sample.
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The number concentration of 10-micron and 3-micron particles is 2 x 10° mi{~! and 3 x
105 ml~!, respectively. The same procedure described earlier is repeated here regarding the
channel and sample preparation. The solution containing the particles is injected along
the nozzle direction using the syringe pump. The small enough particles passing through
the filter are collected from the other port in the opposite side. The valves connected to the
lateral channels are closed during the sample injection step.

The experiments show that under the rather low volume flow rates (< 20 pl/min), the
10-micron beads are trapped at the deep—shallow interface, while the 3-micron beads pass
through the channel. One of the problems associated with the filters is the channel clogging,
which causes that even the particles smaller than the filter opening size to be trapped among
the larger trapped particles, which adversely affects the performance of the filter. It has al-
ready been demonstrated that this problem can be mitigated using the cyclic back-flows.
The idea of creating a back-and-forth oscillation in the particles motion by using the piezo-
electric has also been successfully reported for rare cancer cells isolation. We have observed
that displacing the syringe pump, while it is stopped running, by almost 10-20 cm vertically
to the lower heights can produce the large enough pressure gradient to push the particles
away from the filter opening. Displacing the syringe pump to the opposite direction, i.e.
to the higher heights, causes the particles to move forward again through the microchan-
nel, which helps the small beads to released. This simple idea can be automatized to be
repeated periodically with an appropriate frequency for several continuous back-and-forth
displacements and a suitable delay time period between two consecutive sets of osculations.
The microscope images showing the effects of the pressure oscillation on releasing 3-micron
beads trapped among the 10-micron beads next to the deep—shallow interface, enabling the
3-micron beads to pass through the filter are presented in Fig. 80. The displacement has
been done manually. The time duration of the shown cycle is about 5 seconds.

Under the high volume flow rates (> 100 ul/min), both of the 3- and 10-micron beads
can pass through the filter. For the intermediate flow rates, the 10-micron beads can cross

the first deep—shallow interface, but they are trapped within the filter zone before the second
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Figure 80: The microscope images showing the effects of the pressure oscillation on releasing 3-micron beads
trapped among the 10-micron beads next to the deep—shallow interface, enabling the 3-micron beads to pass
through the filter. The pressure gradient forces particles to move toward the deep region for the images
(a)—(e), while it reverses toward the shallow region for the images (f)—(1). The time duration of the shown
cycle is about 5 seconds. The scale bars in the microscope images are 50 um.

deep—shallow interface. The trapped particles form the profile close to that predicted by the
modeling. The profile of the trapped 10-micron particles are shown in Fig. 81 under the fluid

flow rate of 90 ul/min together with the modeling results showing the PET film deflection
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Figure 81: A microscope image showing the trapped 10-micron beads under the flow rate of 90 ul/min
together with the modeling results showing the PET film deflection contour for three levels of 3, 4, and
5 microns. The deep and shallow regions are about 50 and 6 microns, respectively. The scale bar in the
microscope image is 100 pum .

contour for three levels of 3, 4, and 5 microns. Since the shallow region is about 6 microns in
depth, the membrane deflection contour related to the 4 um level predicts the front profile
of the trapped 10-micron particles, which is in acceptable agreement with the experimental
results. The pressure difference is also obtained from the modeling, which is about 9 kPa.
In comparison with the simple device studied earlier, the modified design has the following

advantages:
e the filtration precision is more reliable, and
e the higher flow rates are achievable.

More importantly, in comparison with the rigid microfluidic filters, the developed tunable

microfluidic sieves offer the following advantages:

e the various particle/cell sizes can be isolated by adjusting the pressure difference applied

across the channel, or equivalently the volumetric flow rate injected through the channel,

e the higher flow rates are obtainable,
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e the trapped particles in the active zone of the device, i.e. shallow region, can be
directly analyzed using the (fluorescent) microscopy or other applicable techniques for

the relevant bioapplications, and

e the membrane’s slope is very small on the filter zone: deflection/shallow region length
~ O(um)/O(mm). Such a gentle slope is very useful for the cells isolation applications

in terms of the cell viability.

Part II: Reusable platforms

Particle trapping

In order to make a reusable device, an efficient particle retrieval is required after each ex-
periment to make the device ready for the consequent runs. A photograph of the modified
deformable microfluidic device is presented in Fig. 82 (A). In order to achieve a more effi-
cient particle trapping process, the side-channels C; and C, have been embedded to create
reverse sheath flows for avoiding the particles from approaching the lateral sidewalls of the
microchannel, where the particles can get stuck because of the small membrane deformation
due to the clamping effects. As depicted in Fig. 82 (B), the particles are repelled from the
lateral sidewalls in presence of the sheath flows, becoming relatively concentrated in the
central portion of the device, while they uniformly approach the first deep-shallow interface
in absence of the sheath flows (Fig. 82 (C)). Because of the smaller membrane deformations
in narrower portions of the channel, the tapered shape of the shallow region results in a
funnel-shaped ceiling once the membrane deforms, enabling the particles with proper sizes
to be trapped on the weir.

A solution containing the 3-, 6-, and 10-micron particles with the number concentration
of 2.7 x 10° ml~!, 1.9 x 10° mi~!, and 4.2 x 10* ml~!, respectively, is injected from the port
A. The sufficiently small particles passing through the channel are collected from the port
B. DI water solution mixed with 0.1% Triton 100-X is injected from the ports C; and C,.

The streams injected from the ports C; and Cs serve as the reverse sheath flows.
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Figure 82: (A) A photograph of the microfluidic device consisting of a microchannel symmetric with respect
to the dash-dotted line, together with the schematic presentations of the streamlines before the first deep-
shallow interface and close to the lateral sidewall in (B) presence and (C) absence of the sheath flow injected
from the port C,. The ~ 36-micron deep regions are separated from the ~ 5-micron shallow region in lower
half of the photograph in (A) using the dashed lines. Scale bar is 4 mm in (A).

Experiments show that in absence of the sheath flows, the sufficiently small particles
approaching the central portion of the first deep-shallow interface are trapped on the weir,
while those flowing towards the lateral portions of this interface are trapped behind the weir;
see Fig. 83. The membrane displacement contours, obtained from the model and shown in
Fig. 83 (A), acceptably predict the trapping cites for different particle sizes. Retrieving
the particles trapped close to the lateral sidewalls becomes less efficient, since the small
membrane displacements in those areas do not allow the trapped particles to be removed
under the reasonably small volumetric flow rates. This difficulty is alleviated by using the
C; and Cjy reverse sheath flows to guide particles towards the central portion of the device,
preventing their trapping close to the lateral sidewalls.

In order to avoid adding another driving pressure source/syringe pump in presence of the

sheath flows, the total volumetric flow rate of the C; and Cs streams is considered to be equal
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Figure 83: (A) Membrane displacement contours ranging from 1 um (outermost) to 6 um (innermost) with
an increment of 1 um, obtained from the model, together with (B, C, Dy, Dy, and D3) the microscope images
showing the trapped 6- and 10-micron beads under the volumetric flow rate of 40 ul/min in absence of the
reverse sheath flows. Microchannel is about 5 pm and 36 pm in depth within the shallow and deep regions,
respectively. Scale bars are 100 pm in (B) and (C), 30 pm in insets of (B) and (C), and 200 gm in (Dq),
(D3), and (D3).

to that of the particles sample injected from the port A, i.e. Q@ = 2Q¢, = 2Q¢c, = 0.5Q et -
Experimental results presented in Fig. 84 demonstrate that the 10-micron beads are trapped
behind the weir under the sufficiently small volumetric flow rates, e.g. Qnet = 5 pl/min. A
sufficient increase in the volumetric flow rate, e.g. Qpner = 40 pul/min, causes the 10-micron
particles to be isolated on the weir before the second deep-shallow interface, while they are
filtered out under a sufficiently large flow rate, e.g. Qnet = 140 pl/min. These observations
are acceptably in agreement with the membrane displacement contours obtained from the
model. The filtrate size distributions also confirm the other experimental-theoretical results.

More than %99 of the injected 10-micron beads are trapped behind the weir, isolated on the

weir, or filtered out depending on the applied volumetric flow rate.
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Figure 84: Microscope images of (A;-C;) the 1% and (A;-Cg) 274 deep-shallow interfaces, together with
(A3—C3) the membrane displacement contours obtained from the model, and (A4—Cy) the size distribution
of the filtrate for three net volumetric flow rates of Qnet = (A1—A4) 5 pl/min, (B1—By4) 40 ul/min, and
(C1—Cy4) 140 pl/min. The volumetric flow rate of the injected particles sample through the port A shown
in Fig. 82 is the same as that of the total sheath flows through the ports C; and Csy. The driving pressure
difference obtained from the model is Ap ~ (A;—A4) 2 KPa, (B;-B4) 10 KPa, and (C;-C4) 18 KPa. Scale
bars are 150 pum for the main images and 30 pm for their insets in (A;—C;) and (Ay—Cs).

Particle retrieval

A particle-free fluid flow with a sufficiently large volumetric flow rate (~ 800 ul/min) is
used for removing the trapped particles. As shown in Fig. 85, more than %99 of the trapped

particles have been successfully retrieved.
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Figure 85: (A) Microscope image of the particles close to the 2°¢ deep-shallow interface under the net
volumetric flow rate of Qnet = 40 ul/min together with the membrane displacement contours obtained
from the 0DF-3DS model, and (b) the microscope image of the 2"¢ deep-shallow interface after the trapped
particles are retrieved. Scale bars are 200 pum.
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Figure 86: Microscope images showing (a) the isolated particles next to the 2°¢ deep-shallow interface under
the net volumetric flow rate of Quet = 40 ul/min and (b) their partial release over time due to the buildup
pressure as a result of the particle trapping and open area decrease about one minute later. Scale bars are
100 pm.

Pressure buildup effects

The open cross sectional area decreases as the particles are filtered within the microchannel.
As a result, the hydrodynamic resistance of the microchannel increases over time, causing
the pressure difference across the microchannel to gradually increase for delivering the target

volumetric flow rate being injected using the syringe pump. As shown in Fig. 86, after
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a sufficiently long time, the trapped particles are forced by the buildup pressure to move
forward through the microchannel and finally be filtered out. In future works, programmable
injection and collection with appropriate pertinent duration times can be employed to resolve

this issue for developing efficient continuous particle separation techniques.

Summary and future works

In this work, a new class of deformable microfluidics was proposed for tunable particle trap-
ping without the need to the pneumatic actuation. In this technique, the pore size is altered
through the deformable microchannel expansion under various volumetric flow rates of the
injected samples, 7.e. under different pressure differences across the microchannel. Unlike
the currently available deformable microfluidic filters, the proposed platform consisting of a
micro-weir structure does not need the pneumatic actuation to trap the particles. Further-
more, the particles trapped on the weir remain stationary after the sample injection ceases,
since the membrane returns to its undeformed situation under no pressure difference across
the channel (isolation), which makes this platform portable and suitable for post-trapping
analysis and handling. The devices can be readily fabricated for single-use purposes, while
the proposed modified platform with the sheath flows can be used as a reusable device.
The model accompanying the proposed pneumatic-actuation-free tunable particle-trapping
strategy can be used as a starting point to design the pertinent microfluidic devices. The
funnel-shaped membrane’s slope in this technique is very small on the micro-weir, 7.e. mem-
brane displacement divided by shallow region length/width ~ O(um)/O(mm) ~ O(1073).
Such gentle slopes can be useful for the cell isolation applications when the cell viability is
important. Programming the injections of the sample and sheath flows for achieving a more

efficient and continuous operation of similar devices remains for the future works.
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Chapter 8: Conclusion and future

work

Conclusion

In this work, we provided a new analytical model for studying low-Reynolds-number flows
of Newtonian fluids by simultaneously capturing the microchannel deformability, fluid com-
pressibility, and microchannel’s width profile. We demonstrated theoretically and experi-
mentally that coupled fluid-solid interactions underlying the fluid flow through shallow de-
formable microchannels lead to some interesting physics. Our investigations revealed that
various distinct fluid-structural characteristics emerge under different flexibility parameter
scales. A shallow deformable microchannel behaves similar to its rigid counterpart under
the sufficiently small flexibility parameter. In this regime, the flow rate is proportional to
W Hj, where W and Hj respectively refer to the microchannel width and original height. On
the other hand, applying a sufficiently large pressure difference across the microchannel can
result in the transition to the higher-flexibility regimes. Under the sufficiently large pressure
differences across the shallow deformable microchannel with ultralow height-to-width aspect
ratios, the original height of microchannel is negligible compared with the membrane deflec-
tion, and consequently does not influence the fluid-solid characteristics. In these situations,
the volumetric flow rate becomes proportional to W' and independent of Hy,. We also found
a threshold for the fluid and solid mechanics aspects of this problem to be considered de-

coupled. We showed theoretically that the linear pressure assumption through a deformable
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microchannel is acceptable (less than 1% error in flow rates) for the flexibility parameter
smaller than 0.241, while this assumption is noticeably erroneous for the regimes with a
large flexibility parameter. For the cases that the flexibility parameter is smaller than 0.241,
the fluid and solid mechanics can be considered decoupled, while the fluid-solid intersections
should be considered coupled for the larger flexibility parameter.

Master curves were also obtained for compressible fluid flows through any arbitrary shal-
low and long deformable microchannel presenting the dimensionless flow rate as functions
of flexibility parameter and dimensionless fluid compressibility. Investigation of the fluid’s
compressibility demonstrates that compressible fluid flow through a deformable microchannel
resembles incompressible flow through the rigid counterpart under sufficiently small pressure
differences, while height-independent and highly non-linear pressure-dependent characteris-
tics, e.g. m oc Ap°, appear under sufficiently large pressure differences.

When investigating the effects of microchannel’s width profile on fluid-structural char-
acteristics, we discovered that an asymmetrically-shaped microchannel with a deformable
ceiling provides a direction-dependent membrane deformation and hydrodynamic resistance,
enabling the passive rectification of both compressible and incompressible Newtonian fluid
flows under the Stokes regime (Re < 1). The flow rectification ratio of ~ 1.2-1.8 has been
demonstrated for common Newtonian fluids such as water, alcohol, and air.

A new deformable microfluidic platform was developed for particle trapping and separa-
tion without the need of a separate actuation/control mechanism. The pore size was altered
through the deformable microchannel expansion under various pressure differences across
the device. Trapped particles remained stationary once the fluid flow ceases, since the mem-
brane returns to its undeformed situation under no pressure difference across the channel.
The developed 0DF-3DS model accompanying the proposed strategy was used for designing
such microfluidic devices. The provided model predicted the profile of trapped particles
acceptably. The funnel-shaped membrane’s slope is very small, 7.e. membrane displacement
divided by shallow region length/width ~ O(um)/O(mm) ~ O(1073), which is favorable for

cell isolation applications when the cell viability is important.

174



Future work

Some of the research topics envisioned as a continuation of this thesis are discussed in the

following;:

e Slip regime of gas flows through deformable microchannels— The one-dimensional
model developed in this work was based on continuum mechanics with no-slip velocity
boundary condition on walls. The limit of continuum models is somewhere between Kn
= 0.5 and 1 [205], while the transition regime is typically split into a slip regime at
lower Knudsen numbers, i.e. Kn & 0.05 [205], wherein the Navier-Stokes equations are
joint with higher-order boundary conditions to predict the gas flow characteristics ac-
curately [205,216]. The Navier-Stokes equations accompanied by the no-slip boundary
condition starts to fail for Knudsen numbers larger than about 0.01. Instead, the slip
boundary condition can be implemented to Eq. 59 in order to derive a one-dimensional
model suitable for studying the gas dynamics within a deformable channel under the
slip-flow regime. For experimental investigation of this topic, the height of deformable
microchannel should be at least one order smaller than that of the current study (this
thesis), i.e., O(0.1um), considering the mean free path of gas molecules is about 50 to
100 nm under the standard pressure and temperature conditions (atmospheric pressure
and room temperature). Therefore, a different fabrication scheme would be needed
to fabricate a deformable channel with submicron- or nanometer-scale height, which
can be challenging. One or combination of the following two approaches can result in
the larger Knudsen number and the slip flow regime: 1) fabrication of shallower mi-
crochannels, e.g. Hy ~ O(0.1 wm), and 2) decreasing the absolute pressure levels of
inlet, outlet, and ambient air to decrease the gas density, where a vacuum needs to be
provided around the outermost side of the membrane and the outlet of microchannel

for the latter approach.

e Analytical solution for behavior of rectifier— The ODE presented in Eq. 18 can be

reduced to the Abel’s differential equation under the sufficiently low pressure differences
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across the channel, where the terms with y? and x® play minor role in Eq. 18, i.e.
as = az = 0. An analytical solution might be found under these conditions for the

fluid-solid characteristics.

Flows of non-Newtonian fluids through asymmetrically-shaped deformable
microchannels— It was demonstrated in this work that an asymmetrically-shaped de-
formable microchannel gives rise to a direction-dependent membrane deflection and
hydrodynamic resistance, enabling the rectification of Newtonian fluid flows under the
Stokes regime (Re < 1) by introducing the direction-dependent terms into the oth-
erwise linear Stokes equations. On the other hand, the non-linear rheology of non-
Newtonian fluids has already been resorted to for rectifying the fluid flow under the
Stokes regime [176-178]. An exciting question is “can the non-Newtonian fluids amplify
the rectification mechanism provided by asymmetrically-shaped deformable microchan-

nels and lead to higher rectification ratios? ”

Size distribution of rare particulate matters— Atmospheric aerosol particles, also
known as particulate matter (PM), or particulates refer to a mixture of solid particles
and liquid droplets found in the air. Some particles less than 10 micrometers in diame-
ter (PM;g) can get deep into one’s lungs and some may even get into bloodstream. Of
these, particles less than 2.5 micrometers in diameter, also known as fine particles or
PM, 5, pose the greatest risk to health. Particle number size spectra can be measured
using the optical particle spectrometer [249]. Other techniques such as microscopy,
mobility analysis, centrifugal measurement of particle mass, etc, can also be found in
the literature [250]. Particularly, regarding the microscopy-based techniques, image
analysis offers a broad range of information such as rotation radius, size distribution
of aggregates, fractal dimension, number of primary particles per aggregate, and size
distribution of primary particles [250]. The deformable microfluidic filter developed in
this work might find applications in determining the size distribution of rare particu-

lates. In this technique, one would inject the sample through the disposable device.
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The particulates would be isolated after the injection ceased. The image analysis could

be done afterwards to elicit the desired statistical information.

Rare cancer cell isolation— Rare cancer cell isolation is one of the appealing appli-
cations envisaged for the deformable microfluidic sieve developed in this work. In this
approach, the trapped cells would remain stationary after lifting the pressure difference
across the channel, since the membrane would return to its original position sandwich-
ing the trapped cells. This platform may, therefore, provide a convenient post-isolating

analysis, since the chip can be transferred without the risk of trapped cells to escape.
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Fabrication: detailed protocol

A detailed and step-by-step description of the process flow related to the fabrication of
the microchannel sidewalls as well as the two-step bonding paradigm is presented in the
following.

Fabrication of sidewalls

In this work, two well-known approaches are utilized to create the microchannel sidewalls:
wet etching of glass, and SUS8 photo-lithography. These approaches are schematically pre-
sented in Fig. 87, and explained in the following:
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Figure 87: The procedure to fabricate the sidewalls of microchannel based on:

SUS8 photo-lithography— (a5) Spin coating a thin layer of SU8 on the glass substrate, (bs) soft-baking and
UV exposure followed by a post-exposure baking, (cs) patterning the side-walls of the microchannel following
the standard photo-lithography process followed by a sufficiently long hard baking, and (dy) drilling the via-
holes.

Wet etching of the glass— (ag) spin coating a thick enough layer of photo-resists AZ4620, AZ4330,
or S1813 based on the required duration time of etching, (bg) patterning the mask following the standard
photo-lithography process followed by a sufficiently long hard baking, (cg) wet etching of the glass substrate
in a bath of etchant, and (dg) drilling the via-holes.

Sidewalls made of SUS8

After a standard cleaning process using Acetone, IPA, rinsing with DI water, and dehy-
dration, the soda-lime glass chips are soaked in the piranha bath (sulfuric acid (98%) :
hydrogen peroxide (30%) with volume ratio 3:1) for 20 minutes at the solution temperature
of 100-110 °C' to render the chips a highly hydrophilic surface, which significantly enhances
the SU8-glass adhesion. In order to create a microchannel with the entire innermost surfaces
made of SU8, a thin (~ 1 um) layer of SUS is first spun on the glass substrate (Fig. 87 (as)).
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In order to obtain such a thin layer, the SU8-2100 is diluted with a SUS8 thinner so that
the weight percentage of SU8-2100 in the final solution is about 23.8% (i.e.;755). Unless
otherwise mentioned, the following spin coating procedure is used in this work: the spinner
speed is ramped at a rate of 83 rpm/s up to 500 rpm and kept there for 15-20 seconds.
The speed is then ramped up to the maximum speed, which is 1500 rpm unless otherwise
mentioned, at a rate of 83 rpm/s, remaining constant for 45 seconds, and then ramped down
to zero at a rate of about 250 rpm/s. The maximum speed for spinning the first layer is
3000 rpm to obtain a ~ 1 um-thick SU8 layer. The SUS8 is baked on the hotplate for 5
minutes at 95°C. The SUS layer is then exposed to 200 m.J/cm? UV followed by a 5-minute
post-exposure baking on the hotplate at 95°C' (Fig. 87 (bs)). A 30-minute-long hard baking
at 170°C is also done in the oven to improve the glass-SU8 adhesion. The metal electrodes
can also be fabricated (if needed) following the lift-off or wet etching processes.

In the next step, the microchannel sidewalls are created by photo-lithography (Fig. 87
(cs)). Based on our experiments, a short (1-5 minutes) oxygen plasma at 120 W and 100 mT'
(~ 40 scem O,) before SUS spinning on the underlying SUS8 layer significantly improves the
uniformity of the spun layer. A much more gentle plasma treatment can be done for the cases
that metal electrodes are prone to be etched. As a recommended step, after creating the
pattern of sidewalls, a 30-minute-long hard baking at 140°C' is performed on the hotplate
to render the SU8 better mechanical properties. It is worth mentioning that the photo-
lithography mask can be designed in such a manner that the areas close to the edge of the
chip block the UV, and consequently the areas with the most height non-uniformity, 7.e, the
edge bead will be removed during the SU8 development.

In the next step, the through-holes are drilled using a 2-mm diamond coated drill bit
(Fig. 87 (ds)). Drilling the via-holes after all the other required features are created on the
glass substrate avoids the enormous height non-uniformity that could arise around the via-
holes during the spin-coating of the SU8 layers. Such a large non-uniformity could result in
poor contact between the adhesive sealing layer and the sidewalls of the microchannel, and
consequently a much lower bonding strength [99]. According to our experiments, soaking the
glass chips in the piranha bath at the very beginning of the process flow significantly improves
the glass/SUS8 adhesion which is of utmost importance to avoid any SU8 delamination when
the via holes are drilled, during the later cleaning steps in an ultrasonic bath, or in real
applications of the microfluidic device when a high pressure driven flow through the channel
is needed. We have observed that skipping the piranha treatment step from the process flow
results in the delamination of the SUS8 layer during the via-hole drilling step for thick SUS8
layers (> 10 um).

In order to keep the created structures intact while drilling the holes, one or few layers
of photo-resist Shipley S1813 are spun on the created patterns and cured. Similarly, the
photo-resist S1813 is spun and cured on the back side of the glass substrate as well. In
addition, in order to avoid the shattering of the glass throughout the drilling process, the
glass chip is fixed on a dummy glass substrate using a thin layer of wax (Aquabond-55
from Aquabond Technologies a division of Universal Photonics), in such a manner that the
photo-resist protecting the patterns is in contact with the wax. Following this approach, the
yield of the drilling process is close to 100%. After the holes are drilled, the glass chip is
debonded from the dummy substrate at about 65°C' and cleaned through performing a series
of short sonication in an ultrasonic bath of acetone, IPA and DI water to make sure all the
photo-resist S1813, wax and potential residues from the drilling step are removed. After a
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short (~ 10 minutes) dehydration on the hotplate at 100°C', the microchannels on the glass
chip are ready to be sealed by the SU8-covered PET film.

Sidewalls made of glass

In order to create the microchannel sidewalls through the glass wet etching, a buffered oxide
etchant (BOE) solution mixed with hydrochloric acid (HF(48%):NH,F(40%):HC1(37%) =
1:6:1.4 (v/v)) is used as an etchant, while the photo-resists S1813 (or AZ4330) and AZ4620
are used as the mask for the fabrication of shallow and deep microchannels, respectively. The
glass is mounted horizontally and facing downward on a holder. In addition, the magnetic
stirring is used to enhance the etch rate [131]. Based on our experiments, the speed of stirring
not only significantly affects the etch rate, but also plays a key role in the uniformity of the
etched surfaces. We observed that very uniform etched surfaces (variations in the depth less
than 1% of the maximum etching depth) can be obtained when the magnetic stirring speed
is equal to or greater than 600 rpm.

First, the potential contamination on the glass slide is removed through a series of sonica-
tion in the ultrasonic baths of acetone, IPA, DI water, following by dehydration. To improve
the adhesion of photo-resist, the glass slides are then soaked in the piranha solution (HoSO4
(98%):H204(30%) = 3:1 (v/v)) at the solution temperature of 100-110°C' for 20 minutes,
followed by a 20-minute dehydration on a hotplate at 200°C'.

The photo-resist is then spun on the glass substrate (Fig. 87 (ay)). Next, the photo-
resist is baked on the hotplate, and patterned by UV using a suitable mask of the sidewalls’
pattern. After the development, a one-hour hard-baking is done in an oven at 140°C' (Fig. 87
(bg)). Next, the glass slides are etched in the etchant bath (Fig. 87 (cg)). The via-holes are
then created (Fig. 87 (dy)).

SUS8 bonding—step 1: Sealing

After creating the microchannel sidewalls, they need to be sealed properly. The process flow
for the sealing step is schematically presented in Fig. 88. First, a piece of the PET film
(~ 190 pm in thickness) is prepared in such a manner that its size is preferably equal to or
slightly smaller than that of the glass chip in order to (1) avoid dealing with the areas close
to the edge of the glass chip, where the height non-uniformity of the SU8 layer might be too
large to be compensated by the thin layer of SU8 available on the PET film, and (2) make
the future handling of the device much safer, since there will not be any unwanted torque
applied to the edge of the PET film that would might cause debonding between the PET
film and the rest of the SUS8-glass stack.

The PET films is then cleaned through a standard cleaning procedure. As well as evapo-
rating all the droplets on the PET, a dehydration at a temperature above the glass transition
temperature of the PET (e.g. 95°C in this work) helps it to become flat and the following
spin coating process much more convenient. A thin layer of SUS is then spun on the PET
film (Fig. 88 (a)). The 2 pm and 7 pm thick layers of SU8 are used in the sealing step based
on the severity of the height non-uniformity. The suitable SU8 solutions for spinning these
layers can be obtained through dilution of SU8-2100 with a SU8 thinner so that the weight
percentage of SU8-2100 in the final solution is about 28.6% (i.e.;=5%) and 50% (i.e.;17),
respectively. The SUS8-covered PET film is then baked according to Table 4. The PET film
is then removed from the hotplate, and it is ready to be bonded to the other substrate with
the microchannel pattern.
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Figure 88: The sealing step of the two-step SU8 bonding paradigm: (a) spin coating a thin SUS8 layer on
the PET film, (bs and bg) bringing the uncross-linked SU8 on the PET in contact with the sidewalls of
microchannel, and (cs and cg) sufficiently long UV exposure through the PET film, followed by a post-
exposure baking, for two different approaches that sidewalls are made based on SU8 photo-lithography (b
and cg) or wet etching of the glass (bg and cg). The slight SU8 reflow might result in a cross-section with
round corners.

The prepared glass substrate with the sidewalls pattern is then put on a 69°C hotplate.
The temperature measurements all over the hotplate surface showed +1°C' deviations from
the set temperature. After about three minutes that the glass substrate and the patterns
on it have reached their steady state temperature, the PET film is also put on the same
hotplate. After one minute, the PET film is flipped over, and its SU8 cover is brought in
contact with the patterned SU8 on the glass substrate for the case the sidewalls are made
through the SU8 photo-lithography (Fig. 88 (b)), or with the glass surface for the case the
sidewalls are made through the glass wet etching (Fig. 88 (b,)). Our observations show a
very poor adhesion between the SU8 adhesive layer and the glass top surface in the case
of making the sidewalls through wet etching. Based on our experiments, either one of the
following two approaches can resolve this problem:

— a 20-minute surface treatment of the glass chips (with the etched channels) in the piranha
bath (HSOy4 (98%):H205(30%) = 3:1 (v/v)) at the solution temperature of 100-110°C,
followed by a 20-minute dehydration on a hotplate at 200°C' prior to bonding.

— deposition of a thin (50-150 nm) silicon dioxide everywhere on the glass chip using a
PECVD instrument, followed by a short and gentle oxygen plasma treatment before the
bonding.

After the SUS8 covered PET film is brought in contact with the sidewalls of the microchannel,
the trapped air is then removed using tweezers and/or finger pressure starting from one
corner of the PET film sweeping towards its opposite corner on the other side in a line-by-
line fashion. Based on the size and complexity of the microchannel geometry, the bubble
removal might take between one and several minutes. After the bubble removal step is
accomplished, the chip remains on the hotplate at 69°C' for overall ~ 30 minutes and then
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is cooled down to room temperature over about 20 minutes. The chip is then undergone
with the UV illumination of 1.4 J/ecm? through the PET film. The sample is then put on
a hotplate, initially at 65°C in such a manner that the PET film is in contact with the
hotplate and the glass piece is on top. The temperature is then ramped up to 95°C over
about 4 minutes, remaining constant at 95°C' for 20 minutes, and then decreases to room
temperature over 30 minutes to complete the sealing step (Fig. 88 (cs) and (cg)). Finally,
the SUS reflow during the sealing step has been explored in the main text.

SUS8 bonding—step 2: Bonding reinforcement

The process flow for bonding reinforcement is schematically presented in Fig. 89. First, a

Reinforcement Step: \

E

| —/ — I—
Glass PET Uncross-linked SU8 Cross-linked SU8

Figure 89: The bonding reinforcement step of the two-step SU8 bonding paradigm: (a) spin coating a thick
enough layer of SUS8 on the glass substrate and soft-baking, (bs and b,) bringing the uncross-linked SU8 on
the reinforcement glass in contact with the bare side of the PET film, and (cs and c¢g) sufficiently long UV
exposure through the reinforcement glass substrate, followed by a post-exposure baking, for two different
approaches that sidewalls are made based on SU8 photo-lithography (bs and cs) or wet etching of the glass
(bg and cg).

SUS layer is spun on a glass substrate, which is already cleaned through a standard cleaning
process using Acetone, IPA, rinsing with DI water, and dehydration (Fig. 89 (a)). The SUS8
layer used in this step needs to be thick enough to cover all the height non-uniformity on the
PET surface because of the defects on the PET film itself as well as that of the SUS layers
forming the microchannel sidewalls. Based on the severity of the height non-uniformity, SU8
layers with different thicknesses of 7 um, 15 pm, and 22 um are used for the purpose of
reinforcement. The suitable SUS8 solution for spinning these layers can be obtained through
dilution of SU8-2100 with a SU8 thinner so that the weight percentage of SU8-2100 in the
final solution is about 50% (i.e.177), 75% (i.e.327), and 83% (i.e.z77), respectively. The
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SU8-covered reinforcement glass is then baked according to Table 5. The reinforcement
glass is then ready to be bonded to the PET film.

In the next step, the fabricated chip is put on a hotplate initially at 65°C. The temper-
ature is then ramped up to the bonding temperature shown in Table 5 at a rate of about
7 °C'/min. The SU8-covered reinforcement glass is then put on the same hotplate. After one
minute, the reinforcement glass is grabbed using a pair of tweezers, flipped over, and brought
in contact with the PET film (Fig. 89 (bs) and (bg)). The bubble removal is then done using
a pair of tweezers, finger pressures (in the case of low temperature bonding), and/or putting
heavy enough objects on top of the glass substrate. It is worth mentioning here that the
microchannel clogging is not a matter of concern in this step, since the SU8 layers forming
the sidewalls of the microchannel have already been cured without any possibility to reflow.
Hence, as much uniform pressure as desired can be applied as long as it does not damage the
glass pieces. A desirable feature of thicker SUS8 layers in this step is that lower temperatures
and pressures can be applied for bubble removal and obtaining a conformal contact [97].

After bubble removal is done, the chip remains on the hotplate for 10 minutes and then
cools down to room temperature at a rate of about 3 °C'/min. The chip is then undergone
with the UV illumination of 2.1 J/em? through the reinforcement glass, following by baking
on a hotplate, initially at 65°C". The temperature is then ramped up to 95°C' over about 4
minutes, remaining constant at 95°C' for 10 minutes, and then decreases to room temperature
at a rate of about 3 °C'/min to finish the bonding reinforcement step (Fig. 89 (cs) and (cg)).

Fabrication of the multi-height deep—shallow microchannels

In this section, the fabrication of multi-height deep—shallow microchannels is described. The
pattern of the sidewalls is established through a two-step wet etching procedure. First,
the deep regions are etched in the glass by using the steps of a,—c¢, in the wet etching
procedure. After removing the etching mask (photo-resist AZ4620), a new layer of the
photo-resist AZ4620 or AZ4330 is spun coated on the glass by using the following spin
coating procedure: the spinner speed is ramped at a rate of 83 rpm/s up to 500 rpm and
kept there for 15 seconds. The speed is then ramped up to 1800 rpm at a rate of 83 rpm/s,
remaining constant for 45 seconds, and then ramped down to zero at a rate of about 250
rpm/s. After soft-baking and the alignment between the patterned glass and the second
photo-lithography mask, the photo-resist is patterned in such a manner that the windows
open up to the already deeply-patterned areas of the glass as well as to the areas that need
to be shallowly etched. In the next step, the photo-resist is hard-baked in an oven at 110°C'
for 30 minutes. The glass is then etched shallowly. At the end of the two-step wet etching
procedure, the depth of the deep regions of the channel is the summation of the etching
depths related to the first and the second etching processes, while the shallow regions’ depth
is dictated purely by the second wet etching step. After the inlet/outlet via-holes are drilled
through the glass, the patterned glass is sealed and reinforced (if needed).

PDMS interconnect

In order to connect the tubing to the microfluidic chips, a PDMS interconnect is bonded on
the top of the glass slide after a short and gentle oxygen plasma treatment of both PDMS
and glass surfaces (Fig. 90).
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Figure 90: A microfluidic channel about 2.2 ym in height sealed by a PET film coated with a 2 pm-thick
SUS8 layer. The PDMS interconnect with holes corresponding to the via-holes of the glass substrate has been
bonded to the glass surface after a short and gentle oxygen plasma treatment.

Fabrication: supportive results

Air bubbles trapped during the bonding reinforcement step

It is much more challenging to achieve a perfect void-free SU8 bonding between two rigid
substrates. This fact is clearly reflected in the outcome of the reinforcement step, where a
rigid glass substrate is to be bonded to the sealed microchannel. As it can be seen in Fig. 91
(a), in which the focal plane is on the interface between the PET film and the reinforcement
glass substrate, some small bubbles are trapped between the PET film and the reinforcement
glass during the bonding reinforcement step. The image of the chip at the same location
with focal plane on the microchannels, shown in Fig. 91 (b), however, shows a perfect and
bubble-free conformal sealing, that demonstrates again the advantage of using the PET film
for achieving a void-free and conformal bonding during the sealing step.

Large microchannels

An optical microscopy image showing the cross-section of a large microchannel about 30 um
and 100 gm in height and width, respectively, sealed by an almost 7 pm-SUS8-covered PET
film is shown in Fig. 92. As shown, there is no noticeable SU8 reflows, since the channel
dimensions are much larger than the SU8 adhesive layer.

Oxygen Plasma effects

The optical microscopy images related to the cross-section of two microchannels with and
without oxygen plasma treatment of the sidewalls prior to the bonding process are shown in
Fig. 93. As shown in Fig. 93 (a), the channel dimensions remain the same as dictated by the
photo-lithography (100 pm x 30 um) in the case the sidewalls are treated with oxygen plasma
(i.e. hydrophilic lateral sidewalls), since there is no reflow of the hydrophobic SU8 towards
the hydrophilic sidewalls, while the SU8 reflow in absence of the oxygen plasma treatment
of the sidewalls (i.e. hydrophobic lateral sidewalls) causes an almost 4 pm reduction in the
thickness of the adhesive layer in the middle of channel, as a result of which the height
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Figure 91: The optical microscopy images showing the center of a serpentine microchannel ~ 4 pm and
~ 15 pm in height and width, respectively, sealed by a 2 um-SU8-covered PET and reinforced by a 7 um-
SU8-covered microscope slide. The focal plane is on the interface between the PET film and the reinforcement
microscope slide in (a), and on the microchannels in (b). Some small trapped air bubbles that formed during
the bonding reinforcement step are circled in (a). These bubbles do not adversely affect the microchannels,
since the channels have already been cured and sealed perfectly without defects/voids, as shown in (b),
before the commencement of the bonding reinforcement step. Scale bars = 500 pm.

of channel in its middle is about 4 um larger than defined through the photo-lithography
process. In addition, it should be noted that according to Fig. 93, the cover glass, because of
having some slight level of flexibility, has been successfully used together with a 7 pum-thick
SUS8 layer to seal rather large microchannels with an acceptably uniform height across the
chip. However, the cover glass is usually provided in some limited small dimensions, which
does not allow its usage for sealing a long microchannel. Furthermore, it is still challenging
to seal small microfluidic networks using a 7 um-thick SU8-coated cover glass because of the
channel blockage difficulties. On the other hand, this is also difficult to achieve a conformal
contact using a cover glass coated with only 2 pm-thick SUS layer to seal small microchannels,
where the flexible PET film coated with a 2 um-thick SUS8 layer was demonstrated to be a
good candidate.

Long microchannels

A microchannel about 6 ¢m, 7 um and 250 pum in length, height and width, respectively,
sealed by a 2 pum-thick-SU8-coated PET film is shown in Fig. 94. As shown, the flexibility
of the PET film enables fabricating the long and small channels using a thin (2 pm thick)
SUS8 adhesive layer.
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Figure 92: An optical microscopy image showing the cross-section of a microchannel about 30 pm and 100 pm
in height and width, respectively, sealed by an almost 7 um-SU8-covered PET film. Scale bar = 50 um.
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Figure 93: The optical microscopy images showing the cross-section of a microchannel about 30 pm and
100 pm in height and width, respectively, sealed by an almost 7 um-SU8-covered cover glass (a) with, and
(b) without oxygen plasma treatment of the sidewalls before the bonding. Scale bars = 50 um.
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Figure 94: The camera image showing a microchannel about 7 um, 250 um, and 6 c¢m in height, width,
and length, respectively after the sealing step using a PET film coated with a 2 ym-thick SU8 layer. The
microscope slide dimensions are 25 mm x 75 mm.
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