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ABSTRACT

Gravity-driven flow is a simple microfluidic flow initiation and maintenance mechanism
that requires no external power sources and low expertise to use. However, the driving
forces created by hydraulic head differences gradually decrease during operation, resulting
in unwanted decreased flow rates in many microfluidic applications. The existing methods
to maintain a constant flow for gravity-driven mechanisms either require additional bulky
control equipment, involve complex fabrication or operation, or introduce interfaces that
lack robustness. To solve those problems, a compact hydraulic head auto-regulating module
(CHARM) was designed and tested in this thesis. The module was able to maintain the
liquid level at the microfluidic inlet port within a small fluctuation range without human
intervention for a long operation time. The design’s compactness and its compatibility with
the standard 96 well plates enable high-throughput operations, and the chosen material’s
bio-compatibility allows the devices’ use on cell culture related applications.
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Chapter 1

Introduction

1.1 Flow Mechanisms for Microfluidic Designs

1.1.1 Microfluidics Overview

Microfluidics pertains to the science and technology that enables precise fluid manipulation

in channels with dimensions of tens of micrometers. [1], [2] Some unique properties emerge

or are amplified at the micrometer scale, including laminar flow dominated by viscous forces,

capillary effect, rapid reaction rate, and significant surface effects. [2], [3] By utilizing those

properties and possessing the capacity to achieve rapid, sensitive, low-cost, high-throughput

analysis and synthesis [2], [4] microfluidics have shown great capabilities and potentials in

numerous applications such as disease diagnosis, cell analysis, drug delivery, and nanoma-

terial synthesis. [4]–[6] Particularly, for cell culture related applications, microfluidic chips

enable media perfusion, which provides a shear stress important for the growth of certain

types of cells, such as endothelial cells[7], [8], and continuously provide nutrients and remove

metabolic wastes for a more stable culture environment.

While the channel geometries or working region functions of the microfluidic chips vary

greatly between different designs, the flow regions are typically interfaced with other systems

through one or more input and output ports, where a pressure difference is generated in
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between by pumps or other mechanisms to provide a driving force to create flow within

the chip. The flow mechanisms, depending on the types of driving forces, can generally be

categorized into active pumping mechanisms and passive pumpless mechanisms, which are

further explained in the next two sections.

1.1.2 Active Pumping Mechanisms for Microfluidics

Active pumping mechanisms for microfluidics involve driving fluid through an external power

source/field or actuators. [9] Some common active pumps (Fig. 1.1) for microfluidics include

syringe pumps [10]–[12], peristaltic pumps [13], [14], piezoelectric pumps [15]–[17], and mag-

netic pumps [18]–[20].

While active pumping methods generally have precise controls on the port pressures or

flow patterns, they typically require external off-chip controllers, which limits their use for

high-throughput applications where tens of pumps are needed in parallel. Also, for cell

culture related applications, wiring the power cords into the incubator can negatively affect

the sterility and temperature or humidity control of the incubator. Moreover, interfacing

with external controls can easily introduce bubbles to fluidic channels, and dead volumes

associated with tubing connections lead to waste of expensive reagents. Some efforts have

been done to alleviate those issues by integrating the pumps onto chips [21]–[24], but those

pumps still require complex manufacturing procedures and external power sources.

1.1.3 Passive Pumpless Flow Mechanisms for Microfluidics

On the other hand, passive flow techniques do not require external power source or actuators.

Some examples of passive flow are shown in Fig. 1.2. Devices configured for passive flow tech-

niques take advantage of the potential energy of the fluid itself, including osmotic potential

energy for osmosis-driven flow [26]–[28], surface energy for surface tension-driven flow [29]–

[31] and capillary-driven flow [32]–[35], and gravitational potential energy for gravity-driven

flow [36]–[48]. Those techniques are self-operational without external controls, and are gener-

12



(a)

(b)

(c)

(d)

Figure 1.1: Examples of active pumping mechanisms for microfluidics. (a) Syringe pump.
Syringes are attached to a motor that pushes the plungers at a set speed. Reproduced
from [25] with permission. (b) Peristaltic pump. Liquid is pinched forward through the
tubing by the rotor. Reproduced from [25] with permission. (c) Piezoelectric pump. The
piezoelectric actuator’s vibration pushes the two valves to open and close consecutively,
which propels liquid forward. Reproduced from [17] with permission. (d) Magnetic pump. A
magnetic stir-bar is used to push liquid through the microfluidic design. Adapted from [19]
with permission. Other configurations not shown here using magnetic or electromagnetic
forces also exit.

ally more compact and less bubble-prone than the active pumping mechanisms. The elimina-

tion of bulky power sources allows easy integration of those flow mechanisms on chip, which

reduces the device footprint and decrease the difficulty of fluid handling. Because of those

advantages, passive flow techniques are becoming more and more popular for lab-on-chip or

point-of-care microfluidic systems. [9]

However, many of the discussed passive techniques have their own limitations. Osmosis-

driven flow requires a complex setup involving a proper semi-permeable membrane [9], and

do not have flexibility in fluid concentrations. Surface tension-driven flow and capillary-

13



(a)
(b)

(c)

(d)

Figure 1.2: Examples of passive pumpless flow mechanisms for microfluidics. (a) Osmosis-
driven flow. The osmotic difference of solutions between the semi-permeable membrane
drives solvent to flow towards the high-concentration region. Reproduced from [25] with
permission. (b) Surface tension-driven flow. The smaller droplet on the inlet holds a larger
surface pressure than the bigger droplet on the outlet, which drives the flow through the
channel. Reproduced from [25] with permission. (c) Capillary-driven flow. The hydrophilic
channel creates an adhesion force that allows the liquid to fill the entire channel without
external pressures. Reproduced from [35] with permission. (d) Gravity-driven flow. The
hydrostatic pressure difference generated by the height difference between the liquid columns
from the inlet and outlet drives the liquid flow. Reproduced from [25] with permission.
.

driven flow depend on the device material and fluid properties, which limits the device’s

adaptability to new systems and flexibility to generate self-regulated flows.

On the other hand, gravity-driven flow transcend in its simplicity in both fabrication and

operation, because the device needs no extra components, and the driving force can be easily

created by altering the relative fluid height between the flow inlet and outlet. Along with

its compactness and low expertise barrier, gravity-driven flow has become a popular choice

for microfluidic designs that need simple flow profiles.
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1.2 Gravity-Driven Flow for Microfluidics

Gravity-driven flow takes advantage of the hydrostatic pressure difference generated by liq-

uid with different heights (hydraulic heads). Hydrostatic pressure, Phydrostatic, refers to the

pressure exerted by a fluid at equilibrium at any particular point of time due to the force of

gravity, and is given by the equation:

Phydrostatic = ρgh (1.1)

where ρ is the fluid density, g is the standard gravity, and h is the fluid height from an

arbitrary reference point. The absolute pressure at the bottom of a fluid, Pabsolute, is given

by the sum of the hydrostatic pressure and the gas pressure above the liquid:

Pabsolute = Pgas + ρgh (1.2)

If the fluid is open to the air, the gas pressure is equal to the atmospheric pressure, Patm, so

the equation becomes:

Pabsolute = Patm + ρgh (1.3)

Therefore, the absolute pressure difference (∆P ) between the inlet and outlet of a microfluidic

chip can be expressed as:

∆P = (Patm + ρghin)− (Patm + ρghout) = ρg∆h (1.4)

where ∆h is the hydraulic head difference between the inlet and outlet, assuming ∆h is

small enough that Patm stays the same at both locations. This absolute pressure difference

is what drives the flow in the microfluidic chip. Since ρ and g are usually constants for

incompressible fluids like water, people generally alter ∆h to alter the driving force.

Besides having an inlet container that has a higher fluid level than the outlet con-
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tainer [36], [37], [48], there are also other ways to generate ∆h, including tilting the de-

vice [38], [39], or turning a horizontal chip into a vertical direction [40]. However, in tradi-

tional gravity-driven flow, the fluid levels change as time passes by, so the pressure varies,

leading to variations in flow rate, which is a limitation in many microfluidic systems that

require a constant flow. For example, a constant, continuous flow rate is usually needed in

cell culture applications where a steady media perfusion is needed to maintain a stable micro-

environment for cell growth [49], [50], in laminar stream generation applications where the

generated streams need to be kept at a specific width [51], [52], and in droplet microfluidics

where liquids need to be infused at a constant rate to ensure uniformity of the emulsions [3],

[53].

Efforts have been made to maintain a relatively constant flow rate for gravity-driven

flow devices [36], [41]–[45], [53], [54]. Fig. 1.3a shows a gravity-driven flow system with a

capacitive fluid level sensor on the outside of the container to maintain desired fluid heights in

a small reservoir [43]. Komeya et al. developed a system (Fig. 1.3b) where there was a wide

inlet reservoir and a high-resistance circuit to decrease the rate of change of the hydraulic

head difference [36]. Researchers have also tried to keep the liquid heights constant by using

horizontal inlet and outlet reservoirs [44], [45] as shown in Fig. 1.3c. Gao et al. developed

a system (Fig. 1.3d) where the inlet container is continuously being refilled and the any

liquid over a certain height is collected by an overfill container. [53] Limjanthong et al. put

gravity-driven flow devices on top of a slowly tilting plate that balances the liquid height

decrease over time (Fig. 1.3e). [54]

There are also many other systems that uses similar approaches to keep the pressure

source constant in gravity-driven flow [41], [42], [55]. However, most of the existing ap-

proaches either introduce an additional bulky controller, increase fabrication or operation

complexity, or create interfaces that decrease device robustness. These features make them

not suitable for use with high-throughput, robust applications.

In 2018, Wang et al. developed an autofill device (Fig. 1.4) that used two straws and a
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(a)

(b)

(c) (d)

(e)

Figure 1.3: Existing gravity-driven flow approaches to make the flow constant. (a) Capacitive
sensing feedback control with additional pumps and processors. Reproduced from [43] with
permission from the Royal Society of Chemistry. (b) Wide reservoir and high resistance
circuit decrease the rate of liquid height change. Reproduced from [36] with permission. (c)
Horizontal reservoirs keep the inlets and outlet at constant heights. Adapted from [45] with
permission. (d) Overflow channel collects any excess liquid filled beyond a certain height at
the inlet. Reproduced from [53] with permission. (e) Slowly tilting plate balances the liquid
height decrease. Adapted from [54] with permission.

liquid barrier to control the filling and refilling of fluid in the reservoir. [56] A more detailed

explanation of the working principle is included in the next section. This system can maintain

a constant flow rate for a prolonged period of time (>14 days). However, the device is bulky

and hard to be used on high-thoughput systems, although the critical components in the

system (straws and membrane) are simple and can be made compact. Therefore, in this

thesis, we aim to use the principle of Wang’s autofill device to develop a more compact

system to control the fluid height in containers as small as a well in a 96-well microtiter
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plate.

Figure 1.4: Setup of the autofill device from Wang [56]. Note that the "Venting Hole" is not
in Wang’s original publication, but is needed for the system to function properly. Created
with BioRender.com.

1.2.1 General principle of the autofill device [56]

The autofill device developed by Wang et al. [56] (Fig. 1.4) is composed of a top container

(which they called the medium storage container) connected with two straws (tubings), which

when interfaced with a bottom container (inlet medium reservoir), maintains the fluid level

at the bottom container constant. The bottom end of the high straw is connected to a gas-

permeable, liquid-impermeable polytetrafluoroethylene (PTFE) membrane. As the liquid in

the top container is being filled into the bottom container through the low straw, air goes up

through the membrane and the high straw to the top container to balance the pressure drop

within. When the liquid level in the bottom container reaches the membrane at the lower

end of the high straw, the air pathway is blocked, and the pressure drop in the top container

will prevent liquid from further going down through the low straw. Therefore, the liquid

stops at the membrane level after the initial fill. The height difference between the liquid
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levels in the bottom container and outlet container (outlet medium reservoir) generates a

pressure difference that drives the liquid flow in the microfluidic chip. As the liquid level

drops below the membrane level, the air pathway in the high straw opens again, allowing

pressure in the top container to be balanced, and the liquid to refill to the membrane level.

Therefore, a constant liquid level is maintained at the membrane level until the fluid runs

out. As any excess liquid in the outlet container will be diverted out as waste, the liquid level

in the outlet container is maintained constant too. Therefore, the liquid height difference

is kept constant throughout the process, which results in constant pressure perfusion in the

microfluidic chip.

It should be noted that the venting hole shown in Fig. 1.4 is not in Wang’s original

publication. However, the bottom container needs to be open to the air for the system to

work properly. If the bottom container is sealed, the gas pressure in both the top (Ptop) and

bottom container (Pbottom) will gradually decrease as perfusion drains out liquid from the

two containers. In this situation, the absolute pressure difference driving the flow, ∆P , in

equation 1.4 becomes

∆P = (Pbottom + ρghin)− (Patm + ρghout) = ρg∆h+ Pbottom − Patm (1.5)

Although ∆h stays the same because the liquid height is still maintained at the membrane

level, the absolute pressure difference (∆P ) is decreasing as Pbottom is decreasing, resulting in

a decreasing driving force. Therefore, Pbottom needs to be kept equal to Patm, and a venting

hold is added for a more rigorous illustration.

1.3 Proposed System

Although Wang’s design solves the inconstant flow problem for gravity-driven flow, the

excessive tubing and containers and their integration make it difficult to scale the system

up and to be used with smaller containers. We proposed a compact hydraulic head auto
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regulating module (CHARM) that (Fig. 1.5) is designed to keep the original function of the

autofill device while minimize the device footprint, so that it can be used with the standard 96

well plates and multiple parallelized experiments can be run to achieve a higher throughput.

(a)
(b)

(c)

Figure 1.5: CHARM setup. (a) Single system view. (1) Membranes (orange) and O-ring
(yellow) are integrated with the device body. (2) The top container is filled with liquid to be
perfused. (3) The device body is inserted into the top container. The O-ring helps to seal
the edge around the device body. (4) The device is flipped and placed on top of the bottom
container connected with the perfusion region (gray). Liquid will be filled to and maintained
at the bottom membrane. (b) Bottom view of the single device body. The dimensions are
shown in mm. (c) Full system view. The connected device bodies with membranes and
o-rings (not shown) are inserted into the 96 deep well plate containing liquid to be perfused.
The entire device is then flipped and placed on top of a 96 bottomless well plate connected
to the perfusion region to form and maintain a constant liquid level within the bottomless
well. Created with BioRender.com.

As shown in Fig. 1.5c, the full system of CHARM uses a round-bottom deep 96-well plate

as the top container and a bottomless 96-well plate as the bottom container that is open to

the air during operation. The single system view (Fig. 1.5a) shows how each well in the full
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system looks like during assembly. After filling the deep well plate with the desired liquid,

the device body composed of straws with integrated membranes and O-rings can be inserted

into the top container to seal it. After inverting the deep wells into the operating orientation

and positioning them on top of the bottomless wells, liquid starts to fill the bottomless wells

that are connected to the perfusion regions, and a constant level can be maintained within

the bottomless well.

Some modifications are made to the structure of the autofill device for working with the

smaller scale:

• The air straw is moved to the inside of the top container for compactness.

• The liquid straw and the air straw share the same wall (Fig. 1.5b) for maximal space

usage since the 96 wells have very small diameters (∼ 6.4 mm ID).

• The liquid straw is kept at the same level as the air straw at the bottom end, so that

membrane integration will be easier on the bottom end.

• Another membrane is added to the top end of the air straw to prevent liquid from

getting into the air straw and interfere with the system’s function.

• An O-ring groove is added around the device body so that the top containers can be

fully sealed.

Although the device body is designed to be used with 96 well plates, it can be used with

other configurations as well. Depending on the experiment, single devices 1.6a, devices in-

a-row 1.6b, multiple-fluid perfusion 1.6c or other configurations can be achieved with slight

modifications on the system.

In this work, the single device design was used for experiments, and we will demonstrate

that our CHARM maintains a constant fluid level in the bottom containers as a constant

passive pressure source for flow initiation and maintenance. By automatically filling the

reservoir until the fluid level reaches a predetermined height, our device offers self-operability
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(a) (b)
(c)

Figure 1.6: More configurations of CHARM. (a) Single device configuration. Suitable for ini-
tial testings. Created with BioRender.com. (b) Multiple devices in a row. Suitable for small
scale parallelized testings. Created with BioRender.com. (c) Multiple fluid manipulation on
the same microfluidic chip. Created with BioRender.com.

over extended periods, ensuring constant fluid levels without human intervention. Without

the use of external tubing, our device is less bubble-prone, and more robust than the other

tubing-required systems. Fabricated with low-cytotoxicity materials, CHARM can be used

with cell culture applications that require medium perfusion. Its compatibility with 96-well

plates and other compact, multiple-open-access devices enables seamless integration with

high-throughput applications.

1.4 Thesis Overview

To investigate and demonstrate the proposed system, the main objectives of the thesis are

listed as follows:

1. To analyze the working principles of the design and quantify important processes during

operation. (Chapter 2)

2. To choose appropriate materials and fabrication methods for the design and demon-
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strate its compatibility with cell culture applications through cytotoxicity experiments.

(Chapter 3)

3. To validate the working principles and the calculated operational features of CHARM

experimentally. (Chapter 3)

Finally, contributions and future work with this device were presented in Chapter 4.
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Chapter 2

Theoretical Analysis

2.1 Introduction

Although the working principle of CHARM has already been discussed in Sections 1.2.1 and

1.3, it is still important to analyze the quantitative effects of device parameters to inform

design choices and to characterize the limitations of the applicable working conditions.

Firstly, our device filling rate needs to be larger than the perfusion rate in the microflu-

idic chips for the liquid level and driving force to maintain. Therefore, it is important to

characterize the filling rate of the design to determine the target microfluidic perfusion rate

range. Secondly, when the liquid reaches the desired level and the air pathway is blocked,

it is beneficial to know the exact mechanism that stops the liquid filling. Thirdly, since the

bottom container is open to the air, evaporation can play a role if we desire operation over

a long range of time. In fact, the device filling rate needs to be larger than the sum of the

microfluidic chip perfusion rate and the evaporation rate in the bottom container. Also, the

evaporation of the top container liquid also needs to be considered since evaporation can

produce changes in the gas pressure in the top container.

In this chapter, we quantified the filling and refilling rate of CHARM (Section 2.2),

analyzed the mechanism that stops liquid filling (Section 2.3), and evaluated the effects of
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evaporation on the functioning of the device (Section 2.4).

2.2 Filling and Refilling Rate

When the device is initially filling into the bottom container, the system can be considered

as liquid draining out from a container (top container) through a cylinder attached vertically

to the bottom of the container (Fig. 2.1a). The gas in the top container is connected to the

atmosphere by a channel with membranes of resistance (Rm) attached on both ends.

htop

L

2R

Vz

Patm

Ptop RmRm

Pbottom = Patm

θ

z
r

(a)

htop

L

Patm

Ptop Rm→∞

2R

hbottom

∆hθ

z
r

(b)

Figure 2.1: Theoretical equivalents of CHARM during operation. (a) Model used during
filling/refilling. (b) Model used when membranes are blocked. The overfilling height (hbottom)
was exaggerated for better visualization.

Assuming the fluid is continuous and incompressible, the following two equations [57]

apply to the liquid in the cylinder:

1. Continuity Equation in cylindrical coordinates:

1

r

∂

∂r
(rvr) +

1

r

∂

∂θ
(vθ) +

∂

∂z
(vz) = 0 (2.1)

26



where vr, vθ, and vz are the fluid velocities in the radial, circumferential, and longitudi-

nal directions, respectively, and r is the distance of the point of interest to the central

axis of the cylinder.

2. Navier-Stokes equation for the longitudinal (z) component in cylindrical coordinates:

ρ(
∂vz
∂t

+vr
∂vz
∂r

+
vθ
r

∂vz
∂θ

+vz
∂vz
∂z

) = −∂P

∂z
+ρgz+µ(

1

r

∂

∂r
(r
∂vz
∂r

)+
1

r2
∂2vz
∂θ2

+
∂2vz
∂z2

) (2.2)

where ρ is the fluid density, gz is the gravitational acceleration in the z direction, and

µ is the fluid viscosity.

Assuming steady flow (∂vz/∂t = 0), no flow in the radial or circumferential directions

(vr = 0 and vθ = 0), and axisymmetric flow (∂vz/∂vθ = 0), Eq. 2.1 becomes

dvz
dz

= 0 (2.3)

which implies that the flow is fully developed, and Eq. 2.2 can then be simplified to

∂P

∂z
= µ

1

r

∂

∂r
(r
∂vz
∂r

) + ρgz (2.4)

Assuming uniform pressure drop across the cylinder of length L, the pressure gradient

can be expressed as
∂P

∂z
= −∆P

L
(2.5)

where ∆P , expressed in the following equation, is the pressure difference between the top end

and bottom end of the cylinder without considering the gravity of the fluid in the cylinder

∆P = ρghtop + Ptop − Pbottom (2.6)

and htop is the height of the top container liquid level measured from the bottom of the top

container (Fig. 2.1a).
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It can be inferred from device configuration that Pbottom = Patm, and assuming the

membrane has negligible resistance to air and Ptop is instantaneously balanced to Patm when

the membrane is not blocked, the above equation becomes

∆P = ρghtop (2.7)

Therefore, Eq. 2.5 becomes
∂P

∂z
= −ρg

htop

L
(2.8)

Assume the cylinder is perfectly vertical, then gz in Eq. 2.4 is equal to the standard

gravity, g (= 9.81 N/kg). Plugging this relation and Eq. 2.8 into Eq. 2.4 gives

−ρg
htop

L
= µ

1

r

∂

∂r
(r
∂vz
∂r

) + ρg (2.9)

Two boundary conditions below apply for the system:

1. Finite flow in the center of the cylinder: Vz is finite at r = 0, and

2. No slip at wall: vz = 0 at r = R, where R is the radius of the cylinder.

Integrating Eq. 2.9 with the boundary conditions above results in the following flow profile:

vz(r) = (
ρg(htop/L+ 1)

4µ
)(R2 − r2) (2.10)

The volumetric flow rate down the cylinder (Q) can then be calculated as the integration

of the above equation over the cross sectional area of the cylinder:

Q =
πR4

8µL
ρg(htop + L) (2.11)
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This equation is analogous to the Hagen-Poiseuille equation [58]:

Q =
πR4

8µL
∆P (2.12)

where the pressure term, ∆P , is replaced by the pressure difference between the water level

in the top container and the bottom end of the cylinder, ρg(htop +L). In fact, the discussed

derivation process is similar to that for the Hagen-Poiseuille equation, except that an extra

gravity term, gz, remains in the Navier-Stokes equation. Lemons et al. [59] reaches the same

conclusion in a similar system as well, although the derivation process is a little different.

If air cannot pass through the membrane freely (Rm > 0), then a pressure drop will build

up across the membrane, causing the pressure above the water level in the top container to

decrease, resulting in a lower filling speed.

Assume the pressure drop across the membrane (∆Pair) changes linearly with the air

flow across the membrane (Qair), then Rm = ∆Pair/Qair is a constant and can be added to

Eq. 2.11 as an extra resistance component:

Q = ρg(htop + L)/(
8µL

πR4
+ 2 ∗Rm) (2.13)

with the factor of 2 indicating the presence of 2 membranes. This resistance can be measured

for the specific membrane used.

An estimate of the numerical value for Q is calculated to be 15.7 mL/s using the approx-

imated parameters for our system (µ = µwater = 10−3 Pa · s, ρ = 1000 kg/m3, R = 1 mm,

L = 13 mm, htop = 40 mm, Rm = 0). This value is much larger than the perfusion rate

required by most microfluidic chips.

After the initial filling cycle, the liquid level in the bottom container drops below the

membrane level again and the subsequent refilling cycles are similar to the initial filling

cycle. However, htop becomes smaller as the cycle number increases, so the refilling rate is

expected to be smaller in each subsequent refilling. Also, the membrane can be partially
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blocked by liquid retaining on the membrane after the initial cycle. This is equivalent to

having a higher membrane resistance, and will result in a slower refilling rate. Therefore,

it is important in the design that the geometries allow a flow rate much greater than the

perfusion rate in the microfluidic chip to compensate the flow rate decrease over time.

2.3 The Blocked Air Pathway Stops Liquid Filling

After the membrane is blocked, Rm goes to infinity, and the drop of pressure in the top con-

tainer (Ptop) can no longer be balanced by the atmospheric pressure (Patm), so Ptop decreases

until the pressure driving the filling reaches zero. The equilibrium happens when

(Ptop + ρg(htop + L))− (Patm + ρghbottom) = 0 (2.14)

where hbottom is the overfilling height in the bottom container (Fig. 2.1b). At this point, Q

in Eq. 2.13 reaches zero with Rm → ∞.

Let ∆h be the relative height difference between the fluid level from the top and bottom

containers, then

∆h = htop + L− hbottom (2.15)

So Eq. 2.14 becomes

Ptop = Patm − ρg∆h (2.16)

The ideal gas law states that

PV = nRconstT (2.17)

where P , V , and T are the gas pressure, gas volume, and gas temperature, respectively.

Rconst = 8.314J/mol ·K is the ideal gas constant.

Let Vorig be the original gas volume in the top container and the air straw combined, and

Vnew be the new gas volume at equilibrium. Since the amount of gas (ngas) stays constant
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in the top container and air straw after the bottom membrane is blocked, and we assume no

change in T ,

PatmVorig = PtopVnew = ngasRconstT = constant (2.18)

The following relationship between Vorig and Vnew can be derived from Eq. 2.16 and

Eq. 2.18:

Vnew =
Patm

Patm − ρg∆h
Vorig (2.19)

Therefore,

∆V = Vnew − Vorig =
ρg∆h

Patm − ρg∆h
Vorig (2.20)

Depending on the device height used and the current working condition, ∆h varies, but

is within 5 cm for the proposed system. Therefore, substituting ∆h with ∆hmax = 0.05 m,

and plugging in Patm = 101325 Pa, g = 9.81 N/kg, and ρ = 1000 kg/m3 to Eq. 2.20 gives

∆Vmax =
490.5

101325− 490.5
Vorig = 0.00486Vorig (2.21)

This indicates that the gas volume increase in the top container and the air straw is less

than 1%. If the bottom container and the top container has the same diameter, the overfill

height in the bottom container will be less than 1% of the height of the air column in the top

container, which is equal to Vorig/Atop. This results in less than 1 mm change in the overfill

height.

2.4 Evaporation

Before delving into the calculations for evaporation in the system, it is important to under-

stand some basic terms related to humidity level or evaporation. Below is a list of terms and

equations that are important to the calculation of evaporation for the system:

• Relative humidity (RH) is a measurement of the percentage of partial pressure of water

31



vapor in air (Pw) relative to the saturation water temperature (Pws) at the current

temperature [60]:

RH =
Pw

Pws
∗ 100% (2.22)

• The saturation water pressure is dependent on the air temperature only, and can be

approximated by the Buck Equation [61]:

Pws = 611.21 ∗ exp (18.678− TC

234.5
)(

TC

257.14 + TC

) (2.23)

where TC is the air temperature in °C.

• The net evaporation rate, defined as the gross evaporation rate minus the condensation

rate, is larger than zero when RH is smaller than 100%. At 100% RH, Pw is equal to

Pws, and net evaporation ceases.

• Specific humidity (SH) is defined as the ratio of the mass of water vapor (mw) to the

total mass of water vapor (mw) and dry air (mair) [60]:

SH =
mw

mw +mair

∗ 100% (2.24)

In regular air where the average molecular weight of gases is 28.964 g/mol, it can be

determined from Eq. 2.24 and the ideal gas law (Eq. 2.17) that

SH = 0.622 ∗ Pw/Ptotal

1− Pw/Ptotal + 0.622 ∗ Pw/Ptotal

∗ 100% (2.25)

• Air density (AD) equals to the mass of dry air in unit volume of wet air (Vtotal):

AD =
mair

Vtotal

(2.26)

In regular air and assuming ideal gas, AD can be expressed as a function of gas pressures
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and air temperature (Tair) as

AD = 0.028964 ∗ Ptotal − Pw

RconstTair

(2.27)

[60]

• The evaporation of water over a large surface under still room air where only natural

convection is happening is given by the equation from Shah [62], [63]:

E = C ∗ ADws(ADr − ADws)
1/3(SHws − SHr) (2.28)

where E is the evaporation rate per unit area expressed in kg/(m2·h), the subscript ws

refers to the condition saturated at the water surface, and r means the room condition

or the environmental condition in the system far from the water surface. C is originally

expressed as the equation below:

C = 0.14g1/3D2/3µ
−1/3
air (2.29)

where D is the coefficient of molecular diffusivity and µair is the dynamic viscosity of

air. However, C has little variation over the typical room air conditions, and can be

estimated by the mean value 35 m2/(kg1/3h). Therefore, when calculating evaporation

rate, the following equation is used:

E = 35ADws(ADr − ADws)
1/3(SHws − SHr) (2.30)

This equation is derived analytically using the analogy between heat and mass transfer

where the water surface is considered to be a horizontal plate with the heated face

upward, and is shown to have good correlation with empirical data [64], [65].
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2.4.1 Evaporation in the Top Container

When the air pathway is blocked and the decrease of pressure in the top container holds

up the liquid from further filling down to the bottom container, we want to make sure that

the water vapor evaporated to the top container is not going to increase the gas volume too

much to allow excessive overfilling in the bottom container.

Assume that evaporation starts after the equilibrium in Eq. 2.16 is reached. Evaporation

of water in the top container is going to increase the amount of water vapor, nw, in the top

container until the net evaporation rate reaches zero (RH reaches 100%). On the other hand,

the amount of dry air in the top container, nair, is going to stay the same. The pressure in the

top container needs to stay roughly the same as both the old pressure and the new pressure

need to satisfy Eq. 2.16. Although ∆h in the equation will be smaller due to evaporation,

the change in ρg∆h (∼10 Pa/mm) is much smaller than Patm. Therefore, in the following

calculations, Ptop is assumed to be a constant.

Applying the ideal gas law (Eq. 2.17) to water vapor and dry air separately, and assuming

RH to be rh before considering evaporation, the following equation applies to the conditions

before considering evaporation (Eq. 2.31) and after evaporation has reached the steady state

(Eq. 2.32):

nw_orig =
rh ∗ Pws

Ptop − rh ∗ Pws

nair (2.31)

nw_new =
100% ∗ Pws

Ptop − 100% ∗ Pws

nair (2.32)

Since nair stays the same, the change in the amount of gas can be expressed as

∆ntotal = ∆nw = (nw_new − nw_orig) =
Ptop

Ptop − Pws

1− rh

rh
nw_orig (2.33)

Applying the ideal gas law to both ntotal and nw_orig in the above equation gives the total
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volume change in the top container:

∆Vtotal = (1− rh)
Pws

Ptop − Pws

Vorig (2.34)

Assume that the air temperature in the top container is 25°C, then Pws = 3168.53Pa

according to Eq. 2.23. Approximating Ptop as 101 kPa,

∆Vtotal = 0.03238(1− rh)Vorig (2.35)

This is a less than 3.3% change of the volume of gas in the top container even if the

humidity level is very low. In reality, after the initial filling cycle, the subsequent air that

passes through the membrane and get into the top container is near saturation (rh ≈ 100%)

because the bottom membrane is close to the water level in the bottom container. Therefore,

in following refilling processes, ∆Vtotal is close to 0 and little overfill will occur because of

evaporation.

In order to know the dynamics of the evaporation process, the following equation can be

solved:
dnw

dt
=

Atop

Mw

E(nw, t) (2.36)

where Atop in our system is 47.12 mm2 determined by the top container cross sectional area

minus the straw end area, Mw is the molar mass of water, and E(nw, t) is given by

E(nw, t) = 35ADws(ADr(Pw(nw))− ADws)
1/3(SHws − SHr(Pwnw)) (2.37)

according to Eq. 2.30. Assuming Ptop = 101 kPa, and 25°C water and air temperature, Pws

can be calculated from Eq. 2.23. Then AD and SH in the above equation can be calculated

from pressures in Eq. 2.27 and Eq. 2.25, respectively, and Pw can be expressed as:

Pw =
nw

nw + nair

Ptop (2.38)
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Solving Eq. 2.36 numerically where the initial nw value is calculated with the assumption

that Vorig = 0.8 mL, and converting the result into gas volume gives the solutions as in

Fig. 2.2. The total volume change at steady state (t → ∞) in the solution is verified to be

the same in Eq. 2.35.

It can be seen from the figure that evaporation reaches steady state within ∼1 min, and

the total volume change is smaller than 30 µL.

Figure 2.2: Evaporation dynamics in the top container across different humidity levels as-
suming an initial gas volume of 0.8 mL, an equal water and air temperature of 25 °C, and a
constant total gas pressure of 101 kPa.

2.4.2 Evaporation in the Bottom Container

Since the bottom container is open to the air, the evaporation in the bottom container does

not reaches steady state and can be approximated by water evaporation from a flat surface

with an area, Abottom, equal to the bottom container opening area. The evaporation rate per

unit area calculated from Eq. 2.30 is shown in Fig. 2.3

If evaporation in the bottom container is undesired, the opening area in our design can

be tuned to be very small, in which case only a small hole connects the bottom container to

the atmosphere. In this way, the bottom container’s evaporation rate can be made close to

zero.
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Figure 2.3: Theoretical evaporation rate per unit area across different humidity levels.

2.5 Conclusions

In this chapter, the mechanisms that drive and affect the operation of CHARM is quanti-

tatively evaluated. Specifically, the filling and refilling rates (Eq. 2.13) depend on several

parameters and changes during operation, but can be made large enough for use with flow

rate required by most microfluidics. After the liquid blocks the membrane, a slight decrease

(< 1 mm) in the top container liquid level is going to cause the top container gas pressure to

decrease enough to hold the liquid to prevent it from overfilling the bottom container. Evap-

oration in the top container reaches steady state within 1 min, and causes little change in

the top container gas volume. Evaporation in the bottom container depends on the opening

area, but can be made small when this evaporation is unwanted.

The calculations in this chapter demonstrate in principle how the device works, and

provides insights on how device parameters can affect device functioning.
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Chapter 3

Device Design and Experimental

Validation

3.1 Introduction

The previous two chapters have addressed the CHARM principles theoretically. In this

chapter, we aimed to choose proper materials and fabrication methods for our system, build

the devices physically, and test their functions as a validation for the previously discussed

theories.

3.1.1 Materials and Fabrication Methods

Device Body

There are many common fabrication methods that can be used to make small intricate

devices, including subtractive manufacturing, such as milling, lathing, and laser beam ma-

chining; additive manufacturing, such as 3D printing; and mass containing methods, such

as injection molding and casting. Each of those fabrication methods has its own advantages

and limitations. In order to choose a proper one for our design, we need to understand our

design constraints on materials and fabrication methods:
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• The fabricated device body needs to be air-impermeable, so that the atmospheric

pressure will not influence the pressure within the top container, and no air or liquid

will leak into or out of the top container. This means that the device body material

itself should be air-impermeable, and that the fabrication method should not create

extra gaps that allow air to pass through the device body.

• The device body finish needs to be smooth. This allows better sealing between the

device body and the top container. Even with the O-ring connection, a rough material

may leave gaps between the O-ring and the material, allowing air bubbles to come up

into the top container during operation.

• The components need to be bio-compatible, since we want our device to work with cell

culture applications, in which case the cell culture media will stay in contact with the

device body during the device operation time.

• The resolution of the fabrication method should be high enough to create the fine

features in the device body, including long straw structures with small inner diameters

and a curved O-ring groove that needs to grip on the O-ring well.

Additionally, it will be beneficial if the device body is transparent, so that operators can see

the status of liquid in the device body during operation.

Subtractive manufacturing methods can create fine details with a wide range of materials,

but can be difficult to create the long straw structure with a very thin wall and a small

inner diameter. Mass containing methods can produce a large number of identical parts

simultaneously, but the molds are difficult to design for our system because of the straw

structures.

On the other hand, additive manufacturing, mainly includes 3D printing methods, has

many varieties and a wide range of capabilities. Some common forms of 3D printing include

material extrusion methods (e.g. fused deposition modeling (FDM)), light polymerization

40



methods (e.g. stereolithography(SLA), PolyJet), and power bed fusion methods(e.g. selec-

tive laser sintering (SLS)). In our studies, these four methods were used to fabricate parts of

the devices and were compared with each other before selecting the best one (PolyJet) for

use with our system.

The material used for PolyJet printing was MED610TM, which is transparent rigid bio-

compatible dental resin. Although it is ISO 10993-1 certified as biocompatible and aproved to

be used as temporary in-mouth placement, the exact procedures in the certification process

remains unknown. Therefore, to understand the cytotoxicity of MED610TM and whether it

can be used in cell culture applications, elution tests for cytotoxicity were performed.

Membrane

Besides the device bodies, the air-permeable, liquid impermeable membranes in our CHARM

design are critical components of our system. It is necessary that the membrane totally blocks

liquid from passing through under low pressures (<1000 Pa in our system) during the full

operation time, while allowing air to pass through as freely as possible. Porous polytetraflu-

oroethylene (PTFE) membranes have such properties and were used in our system. POREX

Virtek® has several PTFE membrane options with different thickness and air permeabil-

ity. They also have different Ingress Protection (IP) ratings, indicating the extent of water

protection. Depending on the system to be used, different membranes can be chosen.

In our experiments, two membranes were tested (PMV10 and PMV25). PMV10 has a

higher air permeability, with a typical airflow of 107 L/hr/cm2 under 70 mbar (7000 Pa),

but does not provide long term protection against water (IP rating 64, 67), while PMV25

has a lower air permeability with a typical airflow of 17 L/hr/cm2 under the same pressure

condition, but provides protection against immersion in water under pressure for long periods

(IP rating 65, 67, 68).
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Membrane-Straw Sealing

The membrane-straw integration method was the next to be considered. PTFE’s extreme

chemical resistance and chemical inertness make it difficult to adhere to other materials[66].

Ways to adhere PTFE to another material include thermal welding (or other welding methods

that produce heat such as ultrasonic welding), and adhesive bonding [67]. Both methods

were explored and adhesive bonding was chosen to be used in our system.

3.1.2 Functional Validations

Finally, with the device assembled, the device operation was tested to see if the liquid level

could be maintained for a long period of time (∼2 days), and if the previously calculated

filling/refilling rates and evaporation rates were valid.

3.2 Materials and Methods

3.2.1 Device Body Fabrication Method Comparison

Straw structures of the size to be used with our system (∼2 mm ID, ∼3.2 mm OD) were

made with 3D printing methods including FDM (from Prusa i3 MK3 3D Printer using

polylactic acid (PLA)), SLS (from Xometry® using nylon 12 with vapor smoothing surface

finish), SLA (from ELEGOO Saturn 2 printer using ELEGOO 8K Standard Resin), and

PolyJet (from Stratasys J5 printer using Stratasys MED610TM resin). The appearances of

the fabricated structures were visually compared and PolyJet with MED610TM was chosen

to be the fabrication method for device bodies in our system.

3.2.2 Cytotoxicity Test

To evaluate the feasibility of using the device in cell culture applications, an elution test

was performed to assess the cytotoxicity of the 3D printing material MED610TM where the
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target material was extracted in cell culture media with serum which was later used to grow

cells.

Polypropylene is a plastic widely used in tissue cultures and has been shown to have little

or no adverse effects for cell cultures. [68] In this experiment, polypropylene was used as a

negative control material to compare with MED610TM’s cytotoxicity. The MED610TM used

in the experiments were in the shapes of 4 device bodies, while the polypropylene was used

in 4 tubing shapes that were cut to the length of the device bodies plus some extra small

pieces to make the total surface area roughly equal to the MED610TM’s surface area. A no

material control and a fresh media control were also included.

The media used was Dulbecco’s Modified Eagle Medium (Gibco, cat#11960044) supple-

mented with 10% FBS (Gibco cat#16140071), 2% L-glutamine (Gibco cat#25030081), and

1% penicillin-streptomycin (Gibco cat#15140122).

The following cleaning procedures were done to the materials:

1. Sonicate in 70% ethanol for 30 min.

2. Soak in new 70% ethanol at room temperature for 6 days.

3. Rinse with sterile deionized (DI) water once.

4. Sonicate in new sterile DI water for 30 min.

5. Rinse with new sterile DI water for 3 times.

6. Soak in media in 37 °C incubator for 5 days.

After the cleaning procedures, the MED610TM and polypropylene materials were sub-

merged in 40 mL new media, separately, and placed in the 37 °C incubator for 7 days

together with another 40 mL of no material control media.

All media was then aliquoted into 7 day’s use as cell culture replacement media and

stored in a 4°C fridge before use (3 days before the use of Day 1 media.) The fresh media
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was also aliquoted into the same amount as the other 3 conditions. Together, there were 4

differently conditioned media, being

• MED610TM media

• Polypropylene media

• No material control media

• Fresh control media

3T3 cells (passage # 9) were used for testing those media. Cells were seeded into 16

wells (4 replicates for each condition) in the middle of a 48 well plate in 300 µL fresh media

with an initial density of 7500 cells/well. The region surrounding the 16 wells were filled

with 300 uL of Dulbecco’s Phosphate-Buffered Saline (DPBS) to create similar humidity

environments for the cell culture wells.

On each day starting from the next day (day 1) after seeding, phase images were taken

using Nikon Eclipse Ti-E microscope under both 4x and 10x objectives, and media in each

well was replaced with new warmed conditioned media.

Cell counts were generated from the 4x images by the software iCLOTS [69].

3.2.3 Membrane Sealing Methods Comparison and Pressure Test

Initially, the thermal welding method was tested to see if the PTFE membrane can be

attached to plastic materials, including thermoplastics (PLA and nylon 12) and thermoset

resins (ELEGOO 8K Standard Resin and MED610TM). PMV25 membranes were used in

the test. The setup of thermal welding is shown in Fig. 3.1. A soldering ion was heated and

used to press the membrane on the straw structure of the material to be tested.

Subsequently, the adhesive bonding method was tested on MED610TM. As the straw

wall thickness (< 1mm) was too small for tape adhesives to properly attach, we used liquid

glues for testing, including super glue (Loctite Super Glue Gel Control), epoxy glue (Loctite
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Soldering Iron

PTFE Membrane

Material to be Tested 
in Straw Shape

Figure 3.1: Thermal welding test setup. A soldering iron was heated and used to press the
membrane onto the material to be tested with a straw structure.

Epoxy Quick Set), and UV glue (Bondic Pro UV Resin). In order to spread an even layer of

certain amount of glue on the straw end, a rectangular sheet with holes of different depths

were printed (using PolyJet), and glue was spread to fill the hole before dipping in the

straw vertically. After that, the straw was pressed on the membrane without slipping to

allow precise attachment. After the glue dried (or shining UV light on the UV glue), the

membrane hanging around was cut out. The entire process is shown in Fig. 3.2.

The connection integrity was first investigated by peeling off the membrane using a set

of tweezers. If the membrane could be peeled off easily, then the bonding was too weak.

To further test if the membrane attachment was strong enough to prevent liquid from

going through under the conditions required by our system, pressure tests were performed.

After membrane integration on one end of the straw, a 1 mL syringe with colored water in

it was attached to the other end of the straw and sealed using UV glue (Fig. 3.3). The syringe

was pushed by hand with a gradually increasing force to exert an increasing pressure on the

membrane and the membrane-straw seal, until either the membrane or the membrane-straw

seal failed (liquid came through). The tests were repeated 5 times for each condition.
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Figure 3.2: Adhesive gluing method for attaching PTFE membrane to straw end. 1. Spread
out glue to fill the hole of certain depth; 2. Dip the straw end in the glue and take out
vertically; 3. Press the straw end on the membrane to stick to it; 4. Wait until the glue fully
dries/cures; 5. Cut out the membrane hanging around.

3.2.4 Functional Validation

The devices were made and assembled according to Fig. 1.5a. The device bodies and the top

containers were 3D printed using the PolyJet method with MED610TM resin using Stratasys

J5 printer. Longer devices and top containers and wider bottom containers (15.5 cm ID, 18

cm OD glass tubes) were used for the functional testing to amplify the effects that can be

observed. The widths/diameters of the device bodies and top containers were kept the same

as the ones used on 96 well plates. The device length dimensions are shown in Fig. 3.4.

The membrane was attached to both ends of the air straw with super glue (Loctite Super

Glue Gel Control) using the method described in Section 3.2.3 with glue depth of 0.5 mm,

except that the membrane was punched into 3 mm discs first, and then stuck to the straw

end. This ensured that there was no extra membrane hanging around.

When inserting the device bodies into the top containers, an O-ring was replaced by UV

glue that fully sealed the connections permanently because the proper size of the O-ring had
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Figure 3.3: Membrane sealing pressure test setup. A syringe with colored water is attached
to one end of a straw sealed by membrane on the other end. The liquid was pushed towards
the membrane manually.

not been tuned to be good enough to fully seal the top container.

Water to be used in the experiment was room-temperature, and was mixed with yellow

food color for better visualization. The bottom container was filled with water to a level

below the membrane but not too far away from the membrane. Water was then injected

into the top container from the liquid straw using a syringe. After placing the devices in

their correct orientations on top of the bottom container, water started to go down through

the liquid straw. The whole filling and refilling processes were videoed using a time-lapse

camera with one image taken every 10 seconds, until the devices stopped filling down liquid.

The air temperature and relative humidity level around the device was videoed together.

One frame from the video showing the whole testing scenario was shown in Fig. 3.5.

The liquid heights over the testing period were extracted from the videos and analyzed.

The water levels were extracted by sensing the change in average RGB values over the entire

top/bottom container diameters. The filling and refilling periods were identified, and the

fluctuations in the liquid levels in the bottoms container were calculated. Volume changes in

the top and bottom containers were converted from the liquid heights and container areas,

and the total volume changes were compared with theoretical evaporation calculated from

Eq. 2.30 using the measured temperature and relative humidity, assuming water and air

temperature to be equal. The volumetric filling and refilling rates were calculated from the

slopes of least squares linear fits of the volume changes over time, and were then plotted

against the sum of the top container liquid height and the liquid straw height at the middle

47



Figure 3.4: Device dimensions used for functional tests. Numbers are in mm.

time of the fitting range for verification of linear relationship.

The filling rates were also measured with the original autofiller’s setup in Fig. 1.4 (with-

out microfluidic chip and outlet container). The membrane with adhesive was stuck to a

cylindrical PDMS connector, and then attached to the bottom of the tubing, as shown in

Fig. 3.6c. A tight seal between components was created by applying epoxy glue to the sanded

surfaces of the connection points. Two flow setups were tested, one using 50 mL Falcon tubes

as top and bottom containers and 0.0625” ID Tygon® tubing as the liquid and air straws,

and the other one using 15 mL Falcon tubes and 0.02” ID, Tygon® tubing (Fig. 3.6).

The liquid heights in the top and bottom containers were measured over time until the

bottom container liquid level stopped at the membrane, and then the volumetric rates were

calculated.
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Figure 3.5: Device functional test setup showing one frame captured by the time-lapse camera
with 8 devices and the temperature and humidity measurement.

3.3 Results and Discussion

3.3.1 Materials and Device Fabrication

The images of the device straw structures fabricated with different 3D printing methods

are shown in Fig. 3.7. The FDM method joined extruded thermoplastic filaments layer by

layer, but the connections between filaments left gaps in between, and the created straw

walls were wiggly (Fig. 3.7a). The SLS method fused powder using heat created by laser,

and was able to preserve the shape of the straws, but even after vapor smoothing, which was

supposed to smooth and seal the device surfaces, the straw walls still appeared to be porous

(Fig. 3.7b), which may be due to the limited access of vapor within the straw. The SLA

method used UV lights to fuse liquid resin layer by layer in a big resin bath, and was able to

create very smooth surfaces, but the straw inner opening tended to be blocked (not shown

in Figures). On the other hand, the PolyJet method deposited and fused resin layer by layer
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(a) (b)

(c)

Figure 3.6: Two autofiller tests setup using different sizes of containers and straws. (a) Setup
with 50 mL Falcon tubes as containers and 0.04” ID, 0.08” OD Tygon® tubing as the straws.
(b) Setup with 15 mL Falcon tubes as containers and 0.02” ID, 0.04” OD Tygon® tubing as
the straws. (c) Cylindrical PDMS connector allowed membrane attachment to the tubing.

on a clear build base, and was able to preserve the wall shapes without generating pores

and create a very flat straw bottom (Fig. 3.7c), providing benefits for membrane integration.

Therefore, among the four methods, only PolyJet meets the design constraints as described

in the Introduction Section, so it was used to make whole device bodies in the subsequent

experiments.

In fact, during the early testing stages of the module, the porosity issue was not attended,

and devices made with Nylon 12 by SLS were used in functional testing. Although those de-

vices initially appeared to maintain the liquid level in the bottom container, over time overfill

would occur (observable after a few hours of operation). The overfill indicated that air was

slowly getting into the top container, allowing liquid to slowly drain down. This slow overfill

happened even with devices where the top container-device body connection was sealed with
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(a) (b) (c)

Figure 3.7: Straw structures fabricated using three different 3D printing methods. (a) Made
by FDM with Polylactic Acid (PLA). Wall structures were wiggly and not well preserved.
(b) Made by SLS (with vapor smoothing) with Nylon 12. Wall structures were preserved
but are porous. (c) Made by polyjet with MED610TM. Wall structures were well preserved,
no pores were observed, and the straw ends were smooth and even.

vacuum grease. Therefore, we hypothesized that air was getting up through the pores in the

device bodies. Also, the devices would stop filling if reused after ∼1 day of operation. This

indicated that the air pathway was blocked, so no liquid could drain down from the bottom

container. After cutting the air straw, liquid was observed within the air straw, which was

abnormal because both ends of the straws were sealed by liquid-impermeable membranes.

After making sure that the membrane-straw seal was liquid impermeable as described in the

pressure test results section below, we hypothesized that the liquid came through the device

bodies, which were porous. After switching to the nonporous MED610TM devices, the suc-

cesses in functional testing (as described in the functional testing results section) confirmed

our hypotheses.

3.3.2 Cytotoxicity Test

The cell counts during the 7 day cytotoxicity test are shown in Fig. 3.8. It can be seen that

cell counts under all conditions grow from a similar initial number to a similar final number,

although the growth rates are not all the same. From day 5 to day 7, cells in all conditions
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were at confluency. This can also be examined from the representative phase images in

Fig. 3.9. Cells were sparse on day 1, but all reached 100% confluency on day 5.

From Fig. 3.8, the fresh control condition grew the fastest, which was expected. The

MED610TM condition grew at a similiar speed with the no material control. Therefore, no

adverse effects for cell growth were found for media in contact with the MED610TM material

for 7 days, and the results provided support for the validity of using the material for cell

culture applications.

However, it can also be observed that the PP condition grew at a speed faster than the

no material control group, while it was expected to grow similarly to the no material control.

This faster growth may be due to the variations in the initial sell seeding density, and more

tests need to be performed to verify this hypothesis.

Figure 3.8: Cell counts from phase images under 4x field of view (FOV) generated by
iCLOTS [69] from the 7-day cytotoxicity test. n = 4.

3.3.3 Membrane Sealing Methods Comparison and Pressure Test

The thermal welding method on PLA and nylon 12, and the adhesive bonding method on

MED610TM created bonds that were not easily peelable by the tweezers and showed good

results in the pressure test as described later below.

The thermal welding method did not stick the membrane to the resin materials at all, and

only created bonds with thermoplastic materials. This is probably because during thermal
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(a)

(b)

Figure 3.9: Representative phase images from the cytotoxicity test. For each row of image
from left to right, the images are from the MED610TM, PP, no material control, and fresh
control conditions. The 4 images in each column are from the same well. All images were
processed with contrast and brightness adjustments and background removal (by subtracting
low-frequencies from the images). (a) Day 1 images under 4x (top row, scale bar = 500 µm)
and 10x (bottom row, scale bar = 100 µm). (b) Day 5 images under 4x (top row, scale bar
= 500 µm) and 10x (bottom row, scale bar = 100 µm).

welding, the thermoplastic material melted at the places that were heated, and the melted

molecules got intertwined with the PTFE membrane molecules, creating a connection. The

resin materials are thermoset, and would not melt under heat. Since MED610TM is a resin,

the thermal welding method could not work.

Therefore, adhesive bonding methods were then tested on MED610TM. The epoxy glue

was too viscous and tend to block the membrane totally, and UV glue created a weak bond

that was easily broken by peeling with tweezers. However, the super glue was able to create a

strong bond. The texture of the used super glue was neither too viscous nor too non-viscous.
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At depths of 0.5 mm, the glue sticks to the straw end without blocking it most of the time.

At higher depths, the glue could block the straw end, which needed to be wiped out using a

blunt needle. Therefore, the 0.5 mm depth of super glue was used for the pressure tests and

the later functional validation.

During the pressure test for thermal welding methods for thermoplastics and for adhesive

methods for MED610TM, initially, air remaining in the straws was pushed out from the

membranes freely. This was expected because the membrane was air-permeable. When the

air in the straw got depleted, a sudden rise in the resistance was felt from the syringe end.

After increasing the pushing force, the liquid came through the middle of the membrane,

not through the membrane-straw seal for all tests (Fig. 3.10). The results suggested that

the seal between the membrane and the straw was intact below the water entry pressure of

the membrane (750 mbar for PMV25).

From the results, the thermal welding method can be used for the tested thermoplastics,

while the adhesive method with super glue can be used with MED610TM.

In fact, if the printing method could be improved for the FDM or SLS methods to

solve the air-leaking issue, the thermal method could be used in real devices. However, we

continued with adhesive gluing on MED610TM, and the improvements on other 3D printing

methods remained to be investigated in the future.

3.3.4 Functional Validation

To validate our system’s ability to maintain a constant liquid level, and to characterize our

devices’ working conditions, devices operating for ∼2 days were videoed and the following

results were obtained.

The detecting regions for top and bottom water levels and the extracted levels in one

frame were shown in Fig. 3.11. The liquid heights relative to the bottom of the top container

over the 45-hour testing time are shown in Fig. 3.12a. From the top container liquid level

change, the initial filling cycle and the subsequent refilling cycles were identified and labeled.
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Figure 3.10: Membrane sealing pressure test result. The liquid went through the middle of
the membrane but not through the sealing between the membrane and the straw.

During each cycle, the water in the top container filled to the bottom container until the

bottom container liquid level reached the membrane, and then stayed constant for a period

of time until evaporation decreased the bottom container liquid to open up the membrane.

After the initial filling (in cycle 0), the liquid level in the bottom container fluctuated slightly

(< 1.12 mm) but stayed relatively constant at the membrane level on the straw bottom. After

refilling cycle 6, the liquid in the top container ran out and the bottom container liquid level

gradually decreased due to evaporation.

The volume changes for the same device were shown in Fig. 3.12b. Using linear regression

fits, the experimental evaporation rate was calculated to be 34 µL/hr, while the theoretical

evaporation rate had an average of 14 µL/hr under the experimental conditions. The two

values had discrepancies, but were on the same order of magnitude.

We hypothesized that the discrepancy between the experimental and theoretical evapo-

ration rate might be due to the fact that the bottom evaporation surface area was small. In

such cases, the edge effects started to be in-negligible as the humidity around the edge was
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Figure 3.11: Region of detection for water levels and detected water levels in one frame. The
blue lines show the regions and levels for the top container liquid, while the red lines show
those for the bottom container liquid.

lower than the humidity it would be if the bottom were also surrounded by liquid. Also, the

room air velocity was not exactly zero because of the ventilation system in the room and the

lab personnel walking around. Therefore, the measured evaporation rate was higher than

the theoretical evaporation rate.

For better visualization of the processes, the zoom-in views during the initial filling and

the subsequent refilling cycle 1 were shown in Fig. 3.13, with a device liquid level visualization

for two points during the refilling cycle.

The initial filling processes were divided into 12 regions having the same durations. For

each two consecutive regions, a linear fit was performed to calculate the filling rate, and the

sum of the top container liquid height (htop) and the liquid straw height (L = 13 mm) at

the middle of the two regions were recorded, resulting in 10 pairs of filling rates vs. heights

values.

During each refilling cycle, since the refilling duration and liquid height changes were

small, one linear fit was performed, and htop + L at the middle time was recorded.

The filling and refilling rates collected in different devices with PMV10 and PMV25

membranes were shown in Fig. 3.14a, and 3.14b, respectively.
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Figure 3.12: Representative liquid height and volume development for the device functional
test over 45 hours showing the full operational stages of the device. (a) Liquid heights relative
to the bottom of the top container. The magenta arrow shows the start of the initial filling
cycle, and the brown arrows show the starts of the refilling cycles. (b) Volume changes
compared to the initial volumes. The volume changes for the top and bottom container
liquid were converted from the measured height changes. The total volume is the sum of the
top and bottom container liquid volume changes, and represents the total liquid evaporation
from the system.

As can be seen in both figures, the filling/refilling rates showed a linear relationship with

regard to htop + L, supporting the relationship calculated in Eq. 2.13. The devices with

PMV10 membranes had an average slope of 25 µL/min/mm, while the devices with PMV25

membranes had an average slope of 3.6 µL/min/mm. This suggested that the resistance

of the PMV10 membrane was around 1/7 of that of PMV25 under the operating range

of pressure (around 0 ∼ 800 Pa). From the membrane specifications, the typical air flow

rates of PMV10 are around 6.3 times as high as those of PMV25 under 70 mbar (7000 Pa),

indicating that the resistance ratio is around 1/6.3, which is close to our measured ratio.

The refilling rates were sometimes lower than expected by the linear relationship from the

filling rates, especially for the data shown in orange dots in Fig. 3.14a. This was probably

because there was still some liquid retaining on the membrane when the liquid level dropped

in the bottom container, resulting in a higher membrane resistance, as predicted in Sec 2.2.

The initial filling rates for the autofiller setup also showed an expected linear relationship
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Figure 3.13: Representative liquid height and volume development for the device functional
test over 45 hours showing the full operational stages of the device. (a) Zoom-in views for
the initial filling cycle. (b) Zoom-in views for the refilling cycle 1. (c) Device appearance
at points specified in (c). The left image shows the appearance immediately before refilling
(magenta cross as shown in (b)), and the right image shows the appearance immediately
after refilling (cyan cross).

with the liquid height difference between the top container and bottom container levels

(Fig. 3.15). Linear fits were done on the experimental data forcing the line to go through

the origins, and were compared with the calculated relationships (also shown in the figure)

obtained from Eq. 2.11, which assumed no membrane resistance. htop+L in the equation was

replaced by the height difference between the liquid levels in the top and bottom containers

because the liquid straw extended towards the bottom of the bottom container as shown in

Fig. 1.4. The calculated filling rates were larger than the experimental filling rates, which

were expected due to membrane resistance.
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(a) (b)

Figure 3.14: Filling and refilling rates measured from different devices and their relationship
with liquid heights. The data points in the dashed circle represent the refilling rates, while
the other ones represent filling rates. (a) Tested with devices with PMV10 membrane. Data
from 3 different devices and their least squares linear fits are shown in different colors. (b)
Tested with devices with PMV25 membrane. Data from 4 different devices and their least
squares linear fits are shown in different colors.

An interesting observation during functional testing for CHARM setup was that when

the membranes were stuck to the straw bottom first and then cut (instead of punched out

and then stuck to the straw bottom), another water level pattern usually appeared as shown

in Fig. 3.16.

Initially, the liquid in the top container filled down similarly (stage 1). However, the

blockage of the membrane bottom did not fully stop the liquid filling, and a slower rate of

overfilling was observed, indicating that some air was slowly getting into the top container

(stage 2). After the overfilling reached certain height, the overfilling stopped, and a no-fill

stage (stage 3) started, which indicated that the air pathway was now blocked. After the

bottom liquid level dropped down, a continuous refilling stage (stage 4) began, indicating

that air was slowly but continuously filling into the top container. In this stage, the bottom

water height stayed roughly constant, indicating that the refilling rate roughly equaled to

the evaporation rate. In the end, the top container liquid ran out and the refilling stopped

(stage 5).

We hypothesized that this behavior was because the membrane hanging around the
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Figure 3.15: Autofiller filling rates test results indicating linear relationship between the
liquid filling rates and the height differences between the top and bottom container liquid
levels. The calculated filling rates were based on Eq. 2.11 without considering the membrane
resistance, where htop + L was replaced by ∆h. (a) Setup using 0.0625” ID tubing and 50
mL Falcon tubes as containers. (b) Setup using 0.02” ID tubing and 15 mL Falcon tubes as
containers.

edge of the straw created extra areas for air to enter the straw through membrane sideways

(Fig. 3.17). If the membrane was punched to the shape first, the edge of the membrane would

be sealed by glue when sticking the membrane on the straw end. On the other hand, if the

membrane was stuck to the straw bottom first, the edge of the membrane and any excessive

regions left behind the cut will expose membrane to the air and allow air to pass through

sideways. Therefore, when the liquid blocked the bottom entry of air, air could still enter the

top container slowly, causing a slow overfilling. When the overfilling made the bottom liquid

level high enough to block the sideway entries, no air could enter the top container and the

no-fill stage began. Afterwards, evaporation gradually exposed some membrane area, and

refilling gradually occurred until the refilling rate approximately equal to the evaporation

rate, which explained what happened in the refilling stage. This hypothesis can be tested in

the future by adding an extra step after the stick-cut method: use glue to seal the membrane

edge and then test the device functioning.

In fact even with the side entry issue, the liquid level stayed relatively constant after the
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Figure 3.16: Liquid heights over 45 hours in devices with membranes stuck first and cut
later. Five stages were observed: 1. Fast filling; 2. Slow overfilling; 3. No filling; 4. Slower
continuous filling; 5. Top container liquid ran out.

initial water filling. The total fluctuation after the initial filling and before the top container

liquid ran out was ∼1.54 mm. Therefore, for systems that do not accuracies below 1.54 mm,

the stick-cut method for membrane integration can be applied too.

3.4 Conclusions

In this chapter, device materials and fabrication methods were compared and PolyJet print-

ing method with MED610TM material was chosen for our CHARM system. Pressure tests

indicated strong attachment of membrane with straw bottom using super glue, and mate-

rial cytotoxicity tests supported our devices’ use on cell culture applications. Functional

tests support the previously calculated relationships and confirmed the main purpose for the

design: maintain a constant hydraulic head for a long period of time.
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Figure 3.17: Hypothesis illustration for behavior differences of different membrane integra-
tion methods caused by air entering the membrane sideways. The glue was shown in cyan,
membrane in light apricot, straw walls in blue, and water in pink. The punch-stick method
blocks the side of the membrane, while the stick-cut method creates extra areas that allow
air side entry. The three steps for the stick-cut method indicated the status during the
overfilling, no filling, and coninuous refilling stages, respectively.
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Chapter 4

Contributions and Future Directions

4.1 Conclusions and Contributions

In this thesis, a constant fluid level maintainer, CHARM, was developed for use on gravity-

driven flow microfluidics that require a constant driving force. We discussed the working

principles of the module in theory quantitatively (Chapter 2), chose and validated the device

materials and fabrication methods (Chapter 3), and confirmed the working principles by the

functional tests on fabricated devices (Chapter 3).

The module was able to keep the variations of the fluid level at the microfluidic inlet

port below 1.1 mm until the liquid supply ran out without human intervention, which cor-

responded to a pressure variation of 11 Pascals within the 30-hour demonstrated operation

time. Therefore, this module is suitable for gravity-driven microfluidics requiring a con-

stant driving force with tolerances larger than 11 Pascals. The filling/refilling rates that

the module was able to achieve varied linearly with the remaining liquid height in the top

container, but the average highest and lowest rates for devices with PMV10 membrane were

1394 µL/min and 57 µL/min, and those with PMV25 membrane were 237 µL/min and 23

µL/min. Since the filling/refilling rates need to be larger than the microfluidic chip flow rate

for the module to work properly, researchers using the module can choose the appropriate
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membrane that allow the necessary flow rate for their microfluidic chip. The opening area

of the bottom container can be made small to decrease evaporation, or can be made large to

allow easy access to the bottom container liquid, but in the latter case the evaporation rates

with edge effects need to be subtracted from the filling/refilling rates when considering the

membrane to be used.

There are many features of the design that we are proud of which holds significance to the

scientific community. Firstly, the compactness of the design ensures that the entire module

can be simply placed on top of microfluidic ports as small as the wells in 96-well plates,

and that researchers can run parallelized and high-throughput experiments easily with the

help of our devices. This feature holds advantages against the other flow regulation methods

as described in Chapter 1, and can greatly increase the working efficiencies for microfluidic

users.

Secondly, the simplicity of the fabrication and operation processes lowers the technical

barriers for new researchers to put the technique into use. Moreover, the tubing-free design

increases the robustness of the system and reduces the setup time before operation. To-

gether, these features contributes to the user-friendliness of our system, which is one of the

fundamental requirements for a system to be widely adapted.

Lastly, our design is compatible with cell culture applications that require a stable media

perfusion, which creates shear stress on the cells and enhances cell growth [7], [8]. Therefore,

our device can not only be used on platforms for physical or chemical processes such as

particle separation or drug synthesis, but also be used with biological processes such as cell

or organoid growth. Cell biology is a popular field in microfluidics, and we are glad that our

system can contribute to researches in this area.
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4.2 Future Work

It was mentioned in the functional test results that the membrane needed to be punched into

its circular shape before stuck to the straw bottom, and a membrane side-entry hypothesis

was proposed. In the future, this hypothesis can be tested by using the stick-cut membrane

integration method with an additional gluing step that blocks the air side-entry pathways.

Nevertheless, both the stick-cut method and the punch-stick method resulted in devices that

could maintain the liquid level within a small fluctuation range (<1.6 mm), so whether the

hypothesis holds will not affect the applicability of our device.

In our functional testings, no microfluidic chips were connected to the bottom container.

Instead, evaporation slowly decreased the liquid level in the bottom container, which acted

similarly to a microfluidic chip draining liquid from the bottom container. However, it is still

interesting to see how the device will behave with the real microfluidic chips. Therefore, one

of the first steps for the future work is to test the devices on bottom containers connected

with certain microfluidic chips, observe the liquid height changes, and measure the flow

rate through the microfluidic chips. The fluctuations of the flow rates can be calculated to

quantify the device behavior.

Next, the device dimensions can be further optimized to fit a proper O-ring against the

top container wall instead of using glue to secure the sealing. The sealing of the connection

can be tested by blocking one of the straws on the device body and pushing air through

another straw into the top container and observe if air comes out around the O-ring. A tight

seal is really important for the functioning of the module, so the fitting of the O-ring should

be optimized.

To fully demonstrate our device’s compatibility with cell related applications, microfluidic

chips can be constructed to culture cells of interest that need media perfusion, and our module

can be use to maintain the perfusion. Cell behavior can be monitored and compared with

other perfusion methods such as using a syringe pump.
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After making sure the single-device configuration works, we can test devices in other

configurations and on 96 well plates to demonstrate the high-throughput feature of our

design. Device bodies can be printed connected and high-efficiency methods can be developed

to assemble the membranes and O-rings.

With the capabilities of the module fully demonstrated, our devices can be used to main-

tain flow on high-end applications, such as the popular organ-on-chip researches. Hopefully

this can bring the community a simple and robust method to work with high-throughput

gravity-driven flow microfluidics.
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