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Abstract

Electroosmotic flow is widely used as a solution pumping method in numerous mi-
crofluidic applications. This type of flow has several advantages over other pumping
techniques, such as the fast response time, the ease of control and integration in differ-
ent microchannel designs. The flow utilizes the scaling of channel dimensions, which
enhances the effects of the electrostatic forces to create flow in microchannels under an
electrical body force. However, the electrostatic properties of the solution/wall material
pairings are unique and must be experimentally measured. As a consequence, accurate
knowledge about the electrostatic properties of the solution and wall material pairings
is important for the optimal design of microfluidic devices using electroosmotic flow.
Moreover, the introduction of new solutions and new channel materials for different
applications is common in the microfluidics area. Therefore, any improvement on the
experimental techniques used to examine the electrostatic properties of microchannels is
beneficial to the research community.

In this work, an improvement to the current-monitoring technique for studying the
electrokinetic properties of microchannels is achieved by replacing the conventional
straight channel design with a new Y-channel design. The errors from both the unde-
sired pressure driven flow and solution electrolysis were addressed and significantly re-
duced. The new design offers high accuracy in finding the electrokinetic properties of
microchannels. The experimental outcome from the new channel design is better com-
pared to the outcomes of the straight channel, which helps in distinguishing the important
electroosmotic pumping regions from the current-time plot. Moreover the time effective-
ness in performing the experiments with the new channel design is better compared to
that for the straight channel design.

A modified analysis approach is also presented and validated for finding the elec-
trokinetic properties from the outcomes of the current-monitoring technique, which is
called the current-slope method. This approach is validated by comparing its findings
with the results of the conventional length method. It was found for most situations that
the discrepancy between the two methods, the current-slope and total length method,
are within the uncertainty of the experimental measurements, thus validating the new
analysis approach. In situations where it is hard to distinguish the start and end of so-
lution replacement from the current-time plot of the current-monitoring technique, the
current-slope method is advised.

With the new design, different parametric studies of electroosmotic flow in PDMS
based microchannels are estimated. At first the zeta potential of biological buffers are
studied. Moreover the effect of continuous electroosmotic pumping, the chip substrate
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structure, and temperature on the average zeta potential of microchannels are examined.
It was found that for air plasma treated PDMS microchannels the chip substrate material
does not have an effect on the average zeta potential of the microchannels.

The following chemical treatments are attempted with the aim of improving the sur-
face and electrostatic properties of PDMS based microchannels: prepolymer additive
with acrylic acid, extraction of PDMS, and both heat and plasma induced HEMA (Hy-
droxyethyl methacrylate) grafting on the surface of PDMS. Extensive characterization is
performed with different experimental methods. The stability of the artificial hydrophilic
properties of the PDMS microchannels with time was improved with both the extraction
and HEMA grafting techniques. On the other hand, there was no evidence of any im-
provement in the zeta potential of microchannels with the surface treatments.
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Chapter 1

Introduction

1.1 Background

The area of microfluidics has attracted an increased interest in recent years from re-
searchers in chemistry, biomedical and engineering sciences [1, 2, 3, 4, 5]. The area
attracted research since it offered different features that are beneficial for many appli-
cations [1, 2, 3, 4, 5]. Controlling the environmental domain in microdevices, such as
the mass flow, and temperature, can be achieved with high precision [4, 5]. Moreover,
reducing the volumes of reagents, shortening the experimental time, and increasing the
detection accuracy are reasons for the interest in microfluidics [4, 5].

Microfluidics is a multidisciplinary field where researchers combine their efforts to
successfully manufacture devices for desired applications [5]. The design of microflu-
idic devices may require the integration of different physical phenomena and will go
through stages (such as device analysis, numerical simulations, prototyping, and valida-
tion studies) before the final micro device is produced. Currently the micro total analysis
(µTAS) has the largest research interest, where different applications are integrated and
optimized in one chip [1, 3, 5]. The fabrication of a successful µTAS-chip for an appli-
cation may involve: flow pumping, reagent mixing, flow control, and detection processes
[5]. The µTAS analysis is also referred to as Lab-on-Chip. The main applications for
research in Lab-on-Chip are in biomedical diagnostics.

The global market for technologies related to the microfluidics area was approx-
imated to be 3 billion dollars in 2006, and it is expected to grow [1, 3]. The main
area of research is the Lab-on-Chip applications which are related to the health sciences
[1, 3, 6, 7]. The objective is to successively manufacture chips that will perform different
biomedical analyses with high accuracy and short operation time. However, other areas
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related to microfluidics, such as chemical synthesis and sensors, also received a large
interest [1, 2, 5, 8, 9].

Throughout the applications of microfluidics, electroosmotic flow is extensively used
in various functions, such as sample transport, micromixing, and reagent delivery [4, 10].
Various aspects of electroosmotic flow such as the ease of control, fast response time, and
ease of integration, are reasons that attracted researchers to use it in numerous applica-
tions [4, 10]. Electroosmotic flow can be created in microchannels since the effects of
electrostatic forces are increased in the microscale, and under an applied electric field
flow is achieved. As a consequence, accurate knowledge about the electrostatic prop-
erties of the solution and wall material pairing is important for the optimal design of
microfluidic devices using electroosmotic flow [4, 10].

As microfluidics evolves, different channel material and new solutions are frequently
introduced in numerous applications. One example is polydimethylsilicone (PDMS),
which is an elastomeric polymer widely used as a microchannel substrate material be-
cause of the ease and cost of manufacturing. Also, PDMS supports electroosmotic pump-
ing in microchannels. However, the electrostatic properties of PDMS are lower than that
of glass or silicon. PDMS also has several disadvantages, such as the hydrophobic na-
ture and the sample adsorption, which hinder the use of PDMS in different microfluidic
applications. Thus, the area of treating PDMS for different applications has gained an
interest from different researchers with an aim of improving the electrostatic properties
of PDMS.

1.2 Research Motivator

In different microfluidic applications electroosmotic flow is used as a pumping tech-
nique to drive fluid and transfer species through channel geometries [4, 10]. Electroos-
motic flow utilizes the geometrical scaling effects of microscale channels which will
enhance the effects of electrostatic forces [4, 10]. To this end, different experimen-
tal techniques are available to study different electrostatic properties of microchannel
walls and solutions, and the most common technique in the microfluidics community
is the current-monitoring technique. If correctly used, the current-monitoring technique
is simple and reliable. However, for microchannels in chip format the technique has
some practical weaknesses that will affect its results. Problems such as the solution elec-
trolysis and undesired pressure driven flow can cause errors from the outcomes of the
current-monitoring technique.

In the first part of the thesis the improvement on the current-monitoring technique is
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presented with the use of a new Y-channel design. Also, a modified analysis approach,
the current-slope approach, for the experimental outcomes of the current-monitoring
technique is presented and validated.

In the microfluidic area, PDMS is widely used for different applications as a channel
material in devices utilizing electroosmotic flow. PDMS is hydrophobic and has low
electrostatic properties (the zeta potential ζ), compared to glass. For these reasons, the
second motivator for this work is the enhancement of the electroosmotic flow and surface
properties of PDMS based microchannels. Different chemical based surface treatments
are attempted and a full scope characterization is done with experimental approaches.

1.3 Objective and Outline

The general scope of the thesis is divided into two main parts, first the study of the elec-
trostatic properties of biological buffers in PDMS based microchannels, and second the
enhancement of the electrostatic and surface properties of PDMS based microchannels.
The main goals of this work are as follows:

1. Develop a simple and reliable channel design and improved experimental approach
to study the electrostatic properties of microchannels.

2. Propose a new analysis approach, the current-slope approach, for the outcomes
from the current-monitoring technique.

3. Measure the electrostatic properties of different biological buffers, MOPS, L15-ex,
and HEPES, that have not been reported in the literature.

4. Perform different parametric studies on the electroosmotic flow in microchannels
to find the effects of changing the experimental conditions on electroosmotic flow
in PDMS microchannels.

5. Enhance the surface electrostatic properties of PDMS based microchannels with
chemical treatments.

6. Perform a characterization study of the effects of the chemical treatments on the
hydrophilic and zeta potential properties of PDMS based microchannels

The thesis is outlined as follows:
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Chapter 2: An overview of the theory and basic concepts of microfluidics is presented.
The chapter will also include a literature review on both the current-monitoring
technique and the surface treatment of PDMS based microfluidic chips.

Chapter 3: The experimental setups used in this work will be presented in this chap-
ter. Mainly, the solutions used, the chip and sample manufacturing, the current-
monitoring setup, the contact angle system, the ATR-FTIR system, and the fluo-
rescence microscopy system are discussed.

Chapter 4: In this chapter the new Y-channel design will be presented to study the elec-
trostatic properties of microchannels with the current-monitoring technique. The
different aspects of the design will be discussed. Moreover, the validation of the
accuracy of the Y-channel design with different criteria will be examined.

Chapter 5: The chapter will first present the modified current-slope approach that was
proposed for analyzing the outcomes of the current-monitoring technique. Also,
different parametric studies on electroosmotic flow in PDMS microchannels will
be presented.

Chapter 6: This chapter will discuss the different chemical based surface treatments
used to modify and enhance the electrostatic properties of PDMS based microchan-
nels. The characterization of the effects of the treatments will be presented with
different experimental studies.

Chapter 7: In this chapter a summary of the results that were reached in the present
work will be presented. Recommendations for further improvements on the current
studies will also be presented.
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Chapter 2

Literature Review

The design of microfluidic applications requires an understanding of physical phenomena
in microscale [1, 3, 11, 8, 6, 7]. Due to dimensional scaling, certain phenomena diminish
such as the convective momentum and the gravity force compared to others like the
viscus and electrostatic forces. First a view of the different applications of microfluidics
will be presented. A general overview of different transport phenomena in microscale
is discussed in this chapter with the emphasis on the momentum transport phenomena.
Also, the use of PDMS as a channel substrate material is discussed. Furthermore, the
surface modifications that have been used to maintain desirable surface properties in
PDMS based microchannels are reviewed.

2.1 Microfluidics Background

Microfluidics can be defined as the study of the transport and control of minute volumes
of fluid in small scale devices [1]. The area was introduced following the establishment of
MEMS (Microelectromechanical systems), which allowed manufacturing microchannels
with high accuracy [1]. Microfluidics gained interest in different bio-medical diagnostics
and chemical synthesis research because of its promising advantages such as handling
minute samples, increasing the detection accuracy, and reducing the time needed to per-
form experiments were reasons that attracted research to microfluidics [5, 8, 12, 13, 14].
Moreover the ability and precision in controlling the experimental environment, such as
temperature and flow rate, were other reasons for this interest [2, 5, 8, 6, 7, 15]. The
microfluidics area is also facing great challenges, such as material challenges, flow con-
trol, mixing, and cost of devices [2, 5, 8]. Up to now most of the research that has been
done in microfluidics is still in the proof of concept stage and validating its use in dif-
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ferent applications [1, 5, 8, 13]. However, it is anticipated by numerous researchers that
in the near future devices with microfluidic concepts for biomedical and life sciences
applications will be available [1, 2, 5, 8, 7, 14].

Lab-on-Chip is the area that is concerned with studying and promoting the appli-
cation of microfluidic concepts in biomedical applications [5, 7]. Microchip devices,
such as cell sorter, cell culture, DNA, and protein separation and analysis, are examples
of Lab-on-Chip devices [14, 16, 17, 18, 19, 20, 21]. Presently Lab-on-Chip applica-
tions is the area that has the highest attraction for research in microfluidics [5, 15]. The
future goal of Lab-on-Chip is developing portable biomedical diagnostics devices with
high accuracy and short analysis time. Achieving this goal needs cooperation between
researchers from different scientific disciplines and it will involve the optimization of
different physical phenomena.

An example of a micro device that is considered as a Lab-on-Chip device was pre-
sented by Dodge et al. [22]. The main operation of the chip was to isolate myoglobin,
a single chain protein, from a bio-sample. The system involved the integration of flow
controllers, pumps, and micromixers [22]. Another example for microfluidics applica-
tion in the bio-medical area is the PCR chip (polymer chain reaction) for DNA. The PCR
technique amplifies a DNA sample with heat controlled reactions. This is performed in
microfluidic chips since precise temperature control and variation can be achieved with
high precision [17, 18, 23]. Recently, Lui et al. [23] was able to integrate a chip with
ITP-ZE (Isotachophoresis-Zone electrophoresis) to separate the Hepatitis B virus with
high accuracy that competed with the accuracy of conventional macro devices [23].

Agilent Technologies successively produced a commercial product which was based
on microfluidic concepts. The Agilent HPLC-chip is a microfluidic chip that is used along
with the Agilent 2100 bioanalyzer to perform liquid chromatography of bio samples. The
HPLC-chip is polymeric based and reusable. Agilent states that the accuracy and the time
for performing measurements with this chip are better than conventional methods [24].

In chemical synthesis applications, the microfluidics area is also promising since the
precision of controlling the mass and thermal transport are high in the microscale [2, 8,
9, 12]. An example of a successive chemical synthesis application in microfluidics was
presented by Miller et al. [12]. They successfully performed a carbonylation reaction in
a glass microchip. This type of reaction in macro scale needs high pressure and special
conditions, yet it was achieved in microscale with a reaction rate higher than that of a
macroscale domain [12].

The first era of microfluidics started with microchips fabricated from glass and sili-
con. The fabrication process was time consuming and expensive [1, 3]. The introduction
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of polymeric based materials to the microfluidics area was the period for which the re-
search in microfluidics gained a lot of interest because of the simplicity and cost of
manufacturing the chips. PDMS (polydimethylsilicone) is one polymeric material that
attracted the attention of researchers because of its favorable properties that suit differ-
ent microfluidic applications. On the other hand, PDMS needs to be treated for certain
applications, as will be discussed later in this chapter.

Initially, microchips for microfluidic applications were fabricated from glass and sili-
con. The fabrication process was time consuming and expensive [1, 3]. The introduction
of polymeric-based materials to the microfluidics area attracted a huge interest because
of the simplicity and low cost of manufacturing the chips. PDMS (polydimethylsilicone)
is one polymeric material that attracted the attention of researchers because of its favor-
able properties, such as optically transparent, ease of manufacturing, and low cost, which
suits different microfluidic applications. On the other hand, PDMS needs to be treated
for certain applications, as will be discussed later in this chapter.

For an integrated microfluidic chip, different processes may be incorporated and op-
timized in a single chip, such as sample transport, flow control, temperature control, and
effective mixing [1, 2, 3, 8]. These goals are achieved by an understanding the transport
phenomena of fluids in microscale [1, 2, 3, 8].

2.2 Microscale Transport Phenomena

An understanding of transport phenomena of mass, momentum, and heat in microscale is
important for the design of microfluidic devices. In the literature there are several books
that cover different transport phenomena in microfluidic applications [1, 3, 4].

For the liquid phase in a microchannel, the continuum approach is still valid as long
as the characteristic length of the microchannel is large compared to the mean free path
of the fluid molecules [1, 3, 4, 11, 8] 1. This is the case for most microfluidic devices, and
for the work that will be discussed in this thesis. Thus, the established macro scale mass,
momentum, and energy conservation equations are appropriate to analyze the microflu-
idic systems. Moreover, solution properties, such as viscosity, density, and electrical
conductivity are assumed to be identical to the values used in the macro scale analysis.

1The Knudson number relates the mean free path between the molecules of the fluid with the charac-
teristic length of flow domain. The Knudson number gives a direction on how to analyze the fluid flow and
if the continuum approach is valid. It is very important for gas dynamic analysis since the intermolecular
distance of the gas molecules are higher than of liquids [3].
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Due to the scaling of geometry and the large surface to volume ratio of channels, dif-
ferent phenomena will have considerable effects on the flow. First, the Reynolds number
(Re) in microchannels is around unity and the flow is laminar [1, 3]. As a consequence,
viscous forces play a significance role in the flow. Also, the mixing speed of non re-
acting solutions is low in the microscale, since the dominant mixing mechanism is the
diffusion of the species [1, 3, 25]. Moreover, the electrostatic effects become significant
in microscale. This comes in the formation of the electric double layer (EDL) of ions in a
region close to the wall of the microchannel. Body forces also change in the microscale
with the gravity effects diminishing compared to the electrostatic and capillary forces
[1, 3, 4]. Electrostatic effects play a major role in flow development in microscale such
as electroosmotic flow and electrophoreses [4, 11].

2.2.1 Electric Double Layer (EDL)

When a channel surface comes in direct contact with a solution that has polar properties
and in the absence of chemical reactions, a static surface charge will build along the wall
[4, 11, 26]. This build up of the electric potential can occur due to different chemical
mechanisms, such as ionization of surface groups, specific ionic absorptions on the wall,
or other mechanisms [4, 11, 3]. This surface charge will affect the solution ions. The
ions that have the opposite charge of the wall will be attracted and the ones having the
same charge as the wall will be repelled. This phenomenon takes place to neutralize
the wall surface charge. The region close to the wall where the wall surface charge is
affecting the solution ions is called the electric double layer (EDL). Figure 2.1 presents
a schematic of the EDL.

Figure 2.1: The electric double layer (EDL) [11].
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As presented in Figure 2.1 there are two distinct regions in the EDL: a region con-
taining immobile ions (stern layer), and the diffuse layer. The stern layer is the region
where the ions are firmly attracted to the wall. The diffuse layer is the region in which
the ions have some mobility of motion, such as diffusion, while still being affected by
the wall charge. The thickness of the EDL is approximated to be in the same order as the
Debye length [4, 11, 3]:

κ−1 =

(
ε · kb · T

2 · e2 · z2
i · ni∞

)1/2

(2.1)

where κ−1 is the Debye length, ε is the solution permittivity, kb is the Boltzmann con-
stant, T is the absolute temperature, zi is the valance of the species i, e is the electron
charge, and ni∞ is the ionic concentration at natural state. The Debye length for a sym-
metric electrolyte with a valance of z+ = −z− = z at a temperature of 25oC can be
approximated by [11]:

κ−1 =
3.04

z ·
√
M
× 10−10 (2.2)

where M is the solution concentration in mol/L. Equation 2.2 suggests that thickness
of the EDL will decrease as the solution concentration increases because more ions are
available to neutralize the wall surface charge.

The analysis of the electric potential carried within the EDL is important since it is a
body force in the microscale cannot be neglected. To find the effect of applying an ex-
ternal body force on the EDL, the charge distribution of the ions in the EDL region must
be found. The analysis of the electric charge potential follows the derivation presented
in the literature [4, 11, 26]. It is assumed that the ionic distribution for a certain species
follows a Boltzmann distribution and is presented by [4, 11, 26]:

ni = ni∞ exp

(
−zieψ

kbT

)
(2.3)

where ni is the ionic concentration of species i, ni∞ is the ionic concentration at neutral
state (ψ = 0), zi is the valance of the ion, e is the charge of the electron, ψ is the
electrostatic potential distribution from the wall, kb is the Boltzmann constant, and T is
the absolute temperature. The ionic charge density is found by:

ρf =
∑

i

e · zi · ni (2.4)

where ρf is the charge density of the ions. By assuming that the electric charge distribu-
tion is only affected by the wall charge equation 2.4 will reduce to:

ρf = −2 · e · zini∞ · sinh

(
zieψ

kbT

)
(2.5)
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The electrostatic potential distribution within the EDL could be found from the Poisson
relation:

d2ψ

dy2
= −ρf

ε
(2.6)

d2ψ

dy2
=

2 · e · zini∞

ε
· sinh

(
zieψ

kbT

)
(2.7)

For a thin EDL the hyperbolic term will reduce to the first term of the Taylor expansion
[3]:

sinh

(
zieψ

kbT

)
'

(
zieψ

kbT

)
(2.8)

Thus, the electrostatic potential reduces to:

d2ψ

dy2
= κ · ψ (2.9)

One important property of the EDL is the electrostatic potential at the imaginary shear
plane in the EDL (figure 2.1 which is called the zeta potential ζ . The zeta potential is
important since it relates the average electroosmotic pumping in microchannels with the
applied electrical field, as will be presented in the an upcoming section [4, 11, 26].

When an external electrical body force is applied tangentially to the EDL, the mobile
ions in the diffuse region of the EDL will move with a non uniform velocity distribution
across the EDL thickness. This can be used as for solution pumping since the bulk
solution in the region out of the EDL will be dragged by viscous forces. More details on
this phenomenon will be presented in explaining the electroosmotic flow.

2.2.2 Thermal Transport

The thermodynamic state of a control volume in a microchannel is governed by the en-
ergy balance described previously in the literature for macro scale but with some modi-
fications [1, 3, 8]. The energy conservation equation is presented next:

ρ · cp
[
∂T

∂t
+ ~u · ∇~T

]
= ∇ ·

(
k (T ) · ~T

)
+ λb (T ) · ~E · ~E (2.10)

where ρ is the solution density, cp is the specific heat of the solution, ~T is the absolute
temperature field, λb (T ) is the solution conductivity as a function of temperature, and ~E

is the applied electrical field. Due to scaling of the geometry the surface to volume ratio
in microchannels is very high and the heat dissipation is large [1, 12]. This improves
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precision in controlling the heat in the microscale domain [1, 8] and has been utilized
in different microscale applications that need precise temperature control, such as PCR
chips.

An important phenomenon that has crucial effects on the stability of electroosmotic
pumping is the joule heating [27]. This phenomenon happens since the solution that is
being pumped has an electric conductivity which will create an electric current. Thus, the
presence of both the electrical current and the applied voltage creates internal heating.
This will cause changes in the solution properties, moreover the flow pumping conditions
will change. This will effect the outcome of the electroosmotic pumping. Therefore, it
must be taken into consideration when electroosmotic pumping is used [27]. The final
term of equation 2.10 is the internal heat generation in the presence of joule heating.

2.2.3 Mass Transport

The knowledge of the species distribution in microscale flow is important in different
chemical synthesis and biological applications [11]. The mass conservation for a single
specie in a flow field is governed by the advection-diffusion equation [11]:

∂ci
∂t

+ ~u · (O~ci) = DiO
2~ci −

Dizie

kbT
O ·

(
~ci ~E

)
+Ri (2.11)

where ci is the molar concentration of species i, Di is the diffusion coefficient of species
i, zi is the valance of the specie, e is the electron charge, and Ri is the rate of generation
of species i. In the absence of flow convection, the equation reduces to Fick‘s law [1,
2, 3, 11]. One of the challenges facing microfluidics is performing effective mixing
of reagents to improve chemical synthesis and different biological reagent mixing [8,
28, 29]. Since the flow is laminar, the species diffusion is the dominant mass-mixing
mechanism. In situations where chemical reactions are driven by diffusion, the rate of
reaction in micro scale will improve [8]. In other applications, where the solutions are
non-reacting, mixing enhancing procedures must be used.

2.2.4 Momentum Transport

The basic laws that govern the momentum transport in micro scale fluid flow are similar
to the macro scale, which are the Navier-Stokes equations [1, 3, 4, 11]. The general
momentum is governed by [1, 3, 4, 11]:

ρ

[
∂~u

∂t
+ (~u · O) ~u

]
= −O~p+ µO2~u+ ~Fb (2.12)
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where ρ is the solution density, µ is the solution viscosity, Op is the pressure gradient,
and ~Fb is the applied body force. Body forces from gravity effects diminish in the flow
field because of the scaling of geometry 2. Thus, the electrostatic body force and the
capillary effects will have an influence on the flow in microscale and must be considered
[1, 3, 4, 10, 11].

In most cases the flow in microchannels is steady and laminar with Re less than unity
(Re ≤ 0.1). Thus, the time dependent term will be eliminated. Moreover, the convection
term in the equation 2.12 could be neglected compared to the viscous term [1, 3]. This
leads to Stokes’ approximation of the momentum conservation [1, 3]:

0 = −O~p+ µO2~u+ ~Fb (2.13)

The three major pumping methods in microfluidic devices are: pressure driven flow,
capillary driven, and electroosmotic driven flow. The main aspects of these methods will
be presented next, with more elaboration on electroosmotic driven flow.

Pressure Driven Flow

Pressure driven flow is achieved by applying a pressure difference between the nodes
(reservoirs) of the channel network with the aid of an external pressure source, such as
syringe pumps [10]. The velocity field in the channels will have a parabolic profile,
identical to the laminar Poiseuille flow profile [1, 3], across the cross section area of the
channel [1, 3], which is unfavorable for sample transport and detection applications [30].
This Poiseuille flow profile will increase the sample dispersion and the lower the accurate
detection of the analytes. Also, the need for an external pressure source complicates the
hardware setup, and the portability of the devices is affected. Another issue with pressure
driven flow is that immediate flow control is hard to achieve since valving elements are
hard to integrate in microchips that use hard materials for channel substrates [1, 3, 31].
Thus, different means of flow control in pressure driven flow in microscale is still an
open research problem [31].

Unger et al. [31] utilized the flexibility properties of PDMS microchannels to create
pneumatic operated valves in microchips that allowed the control of the flow direction
in microchips. The main issue with their system is that the controlling of the valves is
achieved with a large external setup, which eliminates the portability of the device [10].

2The gravity force is scaled to the third power while the capillary force is scaled to the first power
compared to the characteristic length . The decrease in the dimensions will reduce the gravity effects
compared to the capillary and electrostatic forces [1].
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A unique phenomena happens with pressure driven flow in shallow microchannels
which is the electroviscous effects [4, 11, 26]. When fluid flows in a shallow microchan-
nel, and due to the presence of EDL, this flow will cause the free ions in the EDL to
move in the flow directions and accumulates. This accumulation of ions induces a poten-
tial field that creates a back flow in the microchannel. To an observer, the flow rate will
be lower than the predicted flow rate from the traditional laminar Poiseuille flow equa-
tion. This is analogous to an increase in the viscosity of the solution in the microchannel;
hence it is called the electroviscous effect. This effect has been utilized in the streaming
potential technique to find the electrostatic properties of materials.

Capillary Driven Flow

Capillary driven flow uses the surface to volume ratio aspects of microchannels and the
surface energy effects of the wall on the solution to create a passive pumping method.
By utilizing the nature of the surface tension from channel walls, fluid flow could be
achieved by creating gradients regions of hydrophilic channel patterns in the microchan-
nels. This is achieved by creating meniscus shape differences between the two ends of
the microchannel [1, 3, 32, 33, 34]. The flow in the capillary can be found by:

4p = σ

(
1

R1

− 1

R2

)
(2.14)

where σ is the fluid surface tension, and R1 and R2 are the solution radius of curvature
of the gas liquid interface. This method of pumping is useful for passive continuous
pumping of solutions in microchannels, but the limitations of immediate flow control is
still apparent, similar to pressure driven flow.

In the literature, Berthier and Beebe [32] analyzed the stability conditions of a passive
pump utilizing surface tension properties. Suk and Cho [34] used a scheme to pattern
the microchannel with hydrophilic and hydrophobic regions to create a flow in the mi-
crochannel. Also they studied the effect of the ratio of hydrophilic to hydrophobic areas
on the flow field [34].

Electroosmotic Driven Flow

Electroosmotic flow is an electrokinetic driven flow that utilizes the presence of the EDL
in microchannels [4, 11, 26]. The flow is created by applying an external body force with
an electric field that affects the free ions in the EDL causing them to migrate in a certain
direction. The movement of the ions is affected by the sign of the surface charge and the
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direction of the electric field. The electric field can be implemented by placing electrodes
in direct contact with the solution. The migration of the ions within the EDL will cause
the solution in the bulk region, away from the EDL, to move with same velocity due
to viscous effects [4, 11, 26]. Figure 2.2 presents a schematic of the principle of the
electroosmotic flow for a negatively charged surface under an applied external electric
field.
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Figure 2.2: Schematic of electroosmotic flow in a microchannel.

The simplicity of incorporating electroosmotic flow in different microchannel de-
signs, ease of control through complex channel geometry, and the fast response time
are advantages of electroosmotic pumping which are hard to achieve with other pump-
ing methods [4, 10, 11, 26]. Moreover, the velocity profile is plug like, which makes
it attractive for sample transport and detection applications. Electroosmotic pumping
has been widely used in several microfluidic applications such as micromixers [29]; cell
sorters [16] , electroosmotic pumps [35], DNA stretching [36], and sample handling and
separation [37, 38, 39]. On the other hand, electroosmotic flow is not without disadvan-
tages. Problems, such as the occurrence of solution electrolysis and joule heating under
certain operation conditions, will negatively affect the electroosmotic flow in microchan-
nels [27, 40, 41].

The analysis of the momentum transport in is important to understand the velocity
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flow field during electroosmotic pumping. A representative 2D control volume in so-
lution is presented in figure 2.2 where the CV is under the influence of the pressure,
viscous and body forces. The external body force originates from the applied electric
potential that will affect the ions in the EDL. As discussed previously, the momentum
conservation is governed by [1, 3, 4, 11]:

0 = −O~p+ µ · O2~u+ ~Fb (2.15)

Under the assumption of the absence of pressure gradient, the equation reduces to:

0 = µO2~u+ ~Fb (2.16)

where ~Fb is the body force coming from the effect of the external electric field on the
free ions within the EDL. This body force is calculated by [11]:

~Fb = ρf · ~E (2.17)

where ρf is the ionic charge density in the EDL, and ~E is the applied electrical field in
vector notation. For a three dimensional applied electrical field:

Ex =
∂φ

∂x
,Ey =

∂φ

∂y
, and Ez =

∂φ

∂z

whereEx, Ey, andEz are applied electric fields in the different directions, and φ is the ap-
plied potential between the electrodes. Recall from the EDL explanation, section 2.2.1,
the net charge density ρf is related to the electrostatic surface charge by Poisson equa-
tion:

∂2ψ

∂y2
= −ρf

ε
(2.18)

where ψ is the electrostatic potential due to the wall surface charge, and ε is the per-
mittivity of the solution. By considering a flow in a microchannel where the electric
field applied in the x-coordinate and the wall surface charge is affecting the ions in y-
coordinate, the momentum equation can be reduced to:

d2u

dy2
=
εEx

µ

∂2ψ

∂y2
(2.19)

By following [1, 3, 4, 11, 26] the equation will reduce to:

u =
εEx

µ
(ψ − ζ) (2.20)

where ζ is the electrostatic potential at the shear plane of the EDL. In the region away
from the EDL ψ = 0, and the velocity is equal to the slip-velocity. Thus, equation 2.20
will reduce to:

uslip = −εEx

µ
ζ (2.21)
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equation 2.21 is known as the Helmholtz-Smoluchowski (H-S) slip velocity equation
[1, 11, 26]. For a thin EDL compared to the channel thickness the average electroos-
motic velocity in the microchannels is approximated by the H-S slip velocity. From this
equation comes the importance of the zeta potential of microchannels since it relates
the average velocity in the microchannel with electric field. Another commonly used
term to describe electroosmotic flow in microchannels is the electroosmotic mobility

µemo =
−ζ · ε
µ

which is a regrouping of the zeta potential and the solution properties.

Electrical Current Draw During Electroosmotic Flow During electroosmotic pump-
ing there will be an electrical current draw because of the presence of different ion flux
phenomena. By assuming that the channel material is perfectly insulative and no current
is carried within the stern layer of the EDL, the current draw has three main contributors.
The main electric current components are: the current carried from the bulk solution
conductivity, the current carried from the convection of the ions within the EDL, and
the current from the diffusion of ions. The current carried from the diffusion of ions is
very small compared to other terms, therefore it is neglected. The total current draw will
reduce to the current carried from the bulk solution conductivity and the convection of
ions in the EDL. Another terminology used to describe the current carried in the EDL
is the surface conductance. Equation 2.22 presents the total current draw due to steady
electroosmotic pumping of one solution in a microchannel [11]:

Itotal = Ibulk cond + Isurf cond = λb · Ac · E + λs · P · E (2.22)

where Itotal is the total current draw, Ibulk cond is the current carried from the bulk solution
conductivity, Isurf cond is the current carried within the EDL , λb (S/m) is the solution bulk
conductivity,Ac (m2) is the cross sectional area of the microchannel, λs (S) is the surface
conductance, P (m) is the perimeter, and E (V/m) is the applied electrical field. Since
the solution conductivity could be measured the surface conductance can be determined
by rearranging equation 2.22 into:

λs =
Imeasured

P · E
− λb · Ac

P
(2.23)

where Imeasured is the steady current recorded during electroosmotic flow in a microchan-
nel. In most cases, the current carried within the EDL is small compared to the current
from the solution conductivity. Therefore, the measurement of the surface current needs
special techniques and high precision equipment. Presently, the streaming potential is the
most adopted method for finding the surface conductance [11, 26, 42, 43]. Recently, the
current-monitoring technique was introduced to estimate the surface conductance during
electroosmotic pumping [42].
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2.3 Zeta Potential Measurements

The importance of the zeta potential is that it defines the electroosmotic flow in mi-
crochannels where the higher the zeta potential the faster the electroosmotic pumping.
The zeta potential by nature is affected by different properties such as wall surface charge
density, solution concentration, and the pH [44, 45], which makes it unique for the solu-
tion and material pairings. Furthermore, due to the nature of the microfluidics area new
solutions and new materials are frequently introduced and the accurate knowledge of the
zeta potential of the solution/wall pairing is important when electroosmotic pumping is
used.

As an electrostatic property, the zeta potential can not be measured directly. How-
ever, it is inferred from the average flow velocity measurements in microchannels, and
then approximated from the H-S equation [4, 11, 44, 45]. Different experimental tech-
niques have been used in the literature to find the zeta potential, but the techniques are
not without problems or limitations. The most common experimental methods used to
measure the zeta potential are as follows: the current-monitoring technique [4, 46, 41,
42, 47, 48, 49, 50, 51, 52], the streaming potential [26, 43, 53], and direct velocity mea-
surement with micro particle image velocimetry (µ-PIV) and fluorescein photobleaching
[46, 54, 21, 51, 55, 56, 57]. These techniques will be presented in the next sections.

2.3.1 Streaming Potential Technique

The streaming potential technique relates the applied pressure difference to the measured
streaming potential in order to estimate both the zeta potential and surface conductance
of capillary and microchannels [4, 11, 26]. If a solution is forced to flow through a
channel with an applied pressure difference, the free ions within the EDL will be carried
in the same direction of the flow, creating a current flow. This current flow is called the
streaming current (Ist). The moving ions accumulate within the EDL, causing an electric
potential to build up, and eventually creating another flow in the direction opposite to
the pressure driven flow. The flow that was created by the induced electric potential
also carries an electrical current called the conduction current (Icond). If the conduction
current and the streaming current are equal (Ist = Icond), then a steady state condition
is reached. The electrostatic potential that is built up at the steady state condition is
called the streaming potential [26]. By relating the streaming potential and the applied
pressure difference both the zeta potential and the surface conductance could be found
[26]. Equation 2.24 presents the relation used to analyze the experimental outcomes of
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the streaming potential:
Es

4p
=
εζ

µ

1

(λb + f · λs)
(2.24)

where Es is the measured streaming potential, 4p is the applied pressure difference,ε
is the dielectric constant of the solution, λb is the bulk solution conductivity, λs is the
surface conductance, and f is the form factor of the channel or capillary (perimeter /
cross sectional area) [26]. Since both the zeta potential and the surface conductance are
unknown several measurements must be performed to find a relationship between 4P
and Es. Erickson et al. [43] used this technique to find the zeta potential and surface
conductance of different solutions in glass. Sze et al. [58] used the technique with the
modified slope analysis to find the zeta potential of glass coated with PDMS.

The main issue with this technique is that it needs several points of measurements
in order to get an estimate of the zeta potential. Moreover, the published results in the
literature were not repeatable [43].

2.3.2 Direct Velocity Measurement

Another approach for finding the zeta potential of a microchannel is to quantitatively
measure the actual velocity in the microchannel. This can be achieved with different
techniques, such as µ-PIV [54, 56, 59], and fluorescent dye photobleaching [46, 51, 57].
Finding the channel zeta potential with direct velocity measurement is not a one step task
and needs some advanced hardware and analysis. Nevertheless, these techniques give ex-
tra information about flow field by offering real time flow behavior during electroosmotic
flow in microchannels [46, 51, 57].

µ-PIV is a quantitative method used to examine the actual flow field in microchannels
by tracking fluorescent particles introduced in the flow [3]. The velocity field is found by
capturing two consecutive images of the particles in the flow and then performing cross
correlation analysis to the images to get information about the flow field. After finding
the velocity field from the µ-PIV measurements the zeta potential is found from the H-S
equation 2.21. A point of consideration when using the µ-PIV with the electroosmotic
flow is that the particles are mostly charged and the applied electric field will cause
particles to have an electrophoretic motion. Thus, the tracked velocity is made of the two
components which are the electroosmotic velocity of the flow and the electrophoretic
velocity of the particles. This issue must be taken with care when analyzing the µ-PIV
outcomes with electroosmotic flow. Yan et al. [54] used the µ-PIV system to find the
zeta potential of glass microchannels. The results of the zeta potential were comparable
to results found in the literature. Hsieh et al. [59] used a µ-PIV system to find the
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electroosmotic mobility of square PDMS microchannels and compared the results with
results from the literature.

Another approach is to infer the electroosmotic velocity in a microchannel by tracing
a photobleached region in the flow field. This is done by dying the solution with a fluo-
rescent dye and then photobleaching a region of interest with an appropriate light source.
The photobleached region will have the same velocity as the electroosmotic velocity.
The average electroosmotic velocity could be found by tracking the photobleached re-
gion. Pittman et al. [46] performed photobleaching of neutral fluorophore to find the
steady electroosmotic mobility in a cross microchannels manufactured in glass and com-
pared it to the current-monitoring technique. It was found that the cross intersection will
effect the electroosmotic flow in the microchannel. Wang [57] used the photobleaching
technique to find the electroosmotic mobility with a glass Y-channel design.

2.3.3 Current-Monitoring Technique

The current-monitoring technique is the most adapted technique in the microfluidic com-
munity for finding the zeta potential of microchannels. Figure 2.3 presents a schematic
of the operation principle for the current-monitoring technique. The current-monitoring
technique is based on a simple concept which is monitoring the current change due to the
solution conductivity change while performing electroosmotic pumping [4, 46, 41, 42,
47, 48, 49, 50, 51, 52]. This is achieved by replacing the solution that is being pumped
with the same solution but with a slightly different conductivity (ie. 5 % conductivity
difference). By monitoring the current change with time and finding the time needed to
perform the full replacement the average velocity is estimated.
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Figure 2.3: The basic concept of the current-monitoring technique [19].

The average velocity is found from:

uav =
Lchannel

t2 − t1
(2.25)

where uav is the average velocity of the electroosmotic pumping in the microchannel,
Lchannel is the channel length where the solution is replaced, and t1 and t2 are the start
and end times of the replacement process found from the current-time plot. Under the
assumption that the EDL thickness is very small compared to the channel characteristic
length the zeta potential could be found from the H-S equation. While it is a qualitative
approach of monitoring the current change, quantitative values of the zeta potential are
found with very good accuracy. The current-monitoring method offers the simplicity
in both the hardware setup and in performing the experiments. Moreover the technique
allows the zeta potential to be found from one measurement.

Certain conditions apply to the current-monitoring technique to estimate the zeta
potential of microchannels, such as the experiment must be performed with the same
solution but with a slightly different conductivity ( 5 % conductivity difference), the
pH of the tested solutions must be identical since ζ is pH dependent, and the solution
temperature must be stable [52].

The first application of the current-monitoring technique was presented by Huang
et al. [47] to measure the average velocity of 20mM phosphate buffer in a fused silica
capillary. Soon after, several researchers applied the current-monitoring technique to
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measure zeta potential in silica and glass capillaries, glass microchannels and polymer
microchannels [4, 46, 41, 42, 47, 48, 49, 50, 51, 52]. Sinton et al. [51] used both the
current-monitoring technique and a fluorescent flow field visualization method to find
the electroosmotic mobility of Polyimide coated silica capillaries and the results of both
techniques were comparable.

Other researchers used the current-monitoring technique to find different characteris-
tics of electroosmotic flow and the zeta potential in microchannels. Venditti et al. [52] ex-
amined the temperature effects on the zeta potential for PDMS/PDMS and PDMS/glass
microchannels for different solutions. The reported results show that for some solutions
the zeta potential has strong temperature dependence. Pittman et al. [46] used both the
current-monitoring and a periodic photobleaching technique of a neutral fluorophore in
glass microchannels to find the electroosmotic mobility.

On the other hand, previous current-monitoring experiments did not address several
issues that may affect the current-monitoring results [46, 52, 49]. In particular, issues
such as undesired pressure driven flow and electrolysis were not considered [46, 52,
49]. Undesired pressure driven flow arises when there is liquid level or meniscus shape
(Laplace pressure) differences between the reservoirs, which may induce pressure driven
flow in the microchannel. Under these circumstances, the flow in the microchannel is
due to both the electroosmotic and pressure driven flow. Since the current-monitoring
technique is based on measuring the average velocity of the flow, pressure driven flow
introduces significant error. Furthermore, undesired pressure driven flow is limiting the
throughput and stability of microfluidic chips using electroosmotic flow as a pumping
technique [16, 60, 61].

Solution electrolysis at the electrodes is another major problem that affects the oper-
ation of microfluidic chips using electroosmotic flow [40, 41]. The electrolysis process
depletes water-based solution due to passing of current and creates additional H+ ions
at the anode and OH− at the cathode, and the solution change to a gas state. Also, elec-
trolysis causes changes in the pH and electrical conductivity of the solution. The formed
ions cause perturbations in the zeta potential, electric field, and EDL thickness as well as
a steady rise in the background current. Convection of the electrolyzed solution within
the microchannel creates a heterogeneous mixture of high and low conductivity regions
that affect the stability of electroosmotic flow. Also, zeta potential by nature is a function
of the solution pH [44, 45]; therefore, changes in pH will cause unsteady electroosmotic
flow conditions.

From present experience, other important issues have to be addressed when using
the current-monitoring technique with channels in chip format. The nature of the tech-
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nique requires continuous interaction with the hardware and experimental setup, i.e. so-
lution removal in the reservoirs is usually performed manually and the electrodes are
repositioned during this procedure. Moreover, the complete solution removal from the
reservoirs was not confirmed. In the case where there is some solution residual at the
reservoir, it will cause solution mixing between the new and the old solutions. If a large
mixing region exists it is difficult to determine the average velocity from the current-time
relationship. Thus, the accuracy of finding the electroosmotic velocity with the current-
monitoring technique is affected. In general, it was hard to get repeatable data with the
current technique in straight channel designs.

2.4 Microchannel Materials

Microfluidic applications require channel materials with certain properties, such as bio-
compatible, chemical inherent, and optically transparent. In the first era of microfluidics
glass and silicon were the main materials used to manufacture microchips. These chips
had the appropriate properties for the numerous applications [1, 3]. However, the man-
ufacturing process of glass and silicon chips involves special techniques that require a
clean environment and dangerous chemicals which were expensive and time consuming.
Thus, the search for other types of materials was an exploratory area that received inter-
est. Polymeric based materials present an alternative to glass and silicon since different
manufacturing processes could be used to make the chips, such as lithography techniques
[62, 63], micro machining, and injection molding.

PMMA (polymethyl accurlate), SU-8 polyethylene, and PDMS (polydimethylsil-
cone) [62, 63, 50, 64, 65], are polymeric based materials that have been used as channel
substrates in microfluidics applications. One widely used polymeric material for mi-
crochip fabrication is polydimethylsilcone (PDMS). PDMS is an amorphous hydropho-
bic polymer [62, 63] where low molecular weight species diffuse inside the bulk material
[66]. The surface has a negative surface charge when it comes into contact with a polar
solution. The chemical structure of PDMS is (C2H6OSi)n shown in figure 2.4. Com-
mercially, PDMS is available in a viscous liquid form and cure after adding a curing-
agent. PDMS properties, such as optically transparent, bio-compatible, and supporting
electroosmotic flow, suited different applications in microfluidics. In addition, PDMS has
some flexibility which has been utilized to make active valving and pumping elements
[31, 67]. On the other hand, PDMS is not suitable for all microfluidic applications [68].
Problems such as sample adsorption and non-compatibility with some chemical solvents
limit its use in some biological sample analysis and chemical synthesis [68, 46, 18].
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Moreover the zeta potential of native PDMS is lower than glass. For these reasons differ-
ent treatments have been used to improve the surface properties of the PDMS [68, 46, 18].

O

Si

CH3

CH3

n

Si

O

Si

Figure 2.4: The basic structure of PDMS.

A common one-step treatment used to alter the surface properties of PDMS into a hy-
drophilic state and increase the zeta potential is the plasma treatment. Figure 2.5 presents
a schematic of the concept for the plasma treatment and hydrophobic regeneration on the
surface of PDMS. The general physics of the plasma treatments can be explained in a
simple manner where plasma, an ionized gas, is induced at low pressure with a radio fre-
quency electric field through magnetic induction process [69, 70] . The plasma at high
energy state breaks the Si−CH3 bond and forms Si−O− bond. The formed Si−O− re-
acts to form Si−OH groups. The Si−OH groups are better than the previous Si−CH3

in terms of surface charges and hydrophilic nature. Unfortunately, the plasma treatment
is not stable with time due to the diffusion of hydrophobic uncured LMW PDMS (LMW:
low molecular weight PDMS) to the surface of the PDMS. The phenomenon of regaining
the hydrophobic nature of PDMS is favorable in some electrical insulation applications,
and for this reason PDMS has been widely used as an insulator [66, 70, 71]. However,
this phenomenon is hindering the performance of PDMS in microfluidics chips utilizing
electroosmotic pumping techniques. In these applications higher wall surface charges
and the hydrophilic properties are desired [66].
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Figure 2.5: Plasma treatment and the hydrophobic regeneration of PDMS.

One approach used to preserve the hydrophilic state of the plasma treated PDMS is
to store it in a hydrated environment with deionized water or other aqueous solutions
[66, 70]. This is because the formed Si − OH groups prefer environments with higher
dielectric constant (εwater ≈ 80, εwater ≈ 2.6, εwater ≈ 1) which will keep the Si −
OH on the surface of the PDMS. This approach is impractical for long storage time
periods and chip transportation. For this reason simple and reliable treatment protocols
are needed for preserving the artificial hydrophilic and surface charge properties of the
PDMS.

2.4.1 PDMS Treatments

The area of treating PDMS attracted researchers from different disciplines, especially
researchers in chemistry. The main goal was to perform simple treatment protocols
while maintaining the cost and time effectiveness of manufacturing PDMS based mi-
crochips. There are several approaches to modify and improve the surface properties
of the PDMS for microfluidics applications which has been examined in the literature
[18, 72, 73, 74, 75, 76, 77, 78]. Chemical based surface treatments, such as prepolymer
additives, reducing the diffusion effects of the LMW PDMS, and grafting monomers
with the desired properties on the surface of the PDMS are commonly used. A review of
the surface treatments for microfluidics applications is presented by Liu and Lee [79].
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The addition of prepolymer additive to PDMS was investigated by Luo et al. [78].
In their work acrylic acid (AA), and undecylenic acid (UDA) where separately mixed
with PDMS samples before the curing process. The additives were expected to merge in
the PDMS matrix without affecting curing process. In their treatment the PDMS chan-
nels were naturally bonded to the substrate. The additives increased the electroosmotic
mobility of the PDMS microchannels. Also, it was found that this approach affects the
physical properties of the PDMS. On the other hand, the treatment did not show an im-
provement in the hydrophobic nature of the PDMS [78].

In order to improve the stability of the hydrophilic state for the plasma treated PDMS,
researchers approached the problem from two main directions, which are: reduce or
prevent the diffusion of the LMW to the surface of PDMS [71, 75], or create stable
chemical groups with the desired properties on the surface of the PDMS [72, 73, 74, 76].

The reduction of the concentration of LMW in the PDMS prevents or at least reduces
the regaining of the hydrophobic groups on the surface of the plasma treated PDMS. The
reduction of the LMW concentration could be achieved by either thermal aging [75] or
extraction of LMW PDMS [71]. In the thermal aging approach, the LMW concentration
is reduced due to the improvement in the cross linking of PDMS [75]. Eddington et
al. [75] studied results of thermal aging on plasma treated PDMS samples with contact
angle measurements. The work showed improvement and stability of the hydrophilic
properties of thermally aged PDMS. Also, it was found that the longer the aging pro-
cess the better stability of hydrophilic properties for plasma treated PDMS. On the other
hand, thermal aging is a time consuming process and it is not desirable for fast chip
manufacturing.

The second approach for reducing the concentration of LMW is to perform chemical
extraction of the LMW from the cured PDMS [71]. This technique involves application
of different chemical solvents to remove the non-cured LMW PDMS from PDMS bulk
material. Consequently, the stability of the plasma treated PDMS improves since the
LMW concentration is reduced. Vickers et al. [71] performed a three stage extraction
process to PDMS microchannels. It was found that the process reduces the weight of
the PDMS by 5 %. This reduction is due to the removal of LMW from the PDMS. The
plasma treated and extracted PDMS showed stable hydrophilic properties compared to
native PDMS. The reason for this improvement in the stability is that the SiO2 com-
pound was stable on the surface of the PDMS for long periods of time. The stability of
SiO2 was confirmed with X-ray photoelectron spectroscopy analysis. Moreover, the ex-
traction process showed improvement in the electroosmotic mobility of the microchannel
compared to native PDMS [71].
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Another approach that does not deal with changing the concentration of LMW in
PDMS is to change the surface chemistry by grafting monomers that have the desired
chemical groups, such as −OH and −CN , on the surface of the PDMS [73, 74, 76, 79,
80, 81, 82]. Different chemical compounds were used in the literature such as HEMA
(2-hydroxy ethyl methacrylate) and acrylonitrile, Acrylic Acid (AA), PEG Poly(ethylene
glycol), which could be grafted on the surface of the PDMS [73, 74, 76, 79, 80, 81, 82].

He et al. [80] used an plasma induced grafting of acrylonitrile to form chemically sta-
ble groups on the surface of PDMS. Results showed improved stability in the hydrophilic
properties of PDMS with dry storage conditions. Wang et al. [81] used APTES (amino-
propyl triethylsilane) to treat the surface after plasma exposure and the results showed
stable electroosmotic mobility with time. Hu et al. [76] used a UV approach to mod-
ify the surface of the PDMS with different monomers, which were Acrylic Acid (AA),
PEG Poly(ethylene glycol), and MATC (2-methacryloxy ethyltrimethylammonium chlo-
ride) to improve the electrophoretic separation sample. Also, the electroosmotic mobility
proved to be stable with time compared to the non-grafted channels.

A chemical monomer that can be successfully polymerized on the surface of PDMS
with simple approaches is HEMA (Hydroxyethyl methacrylate). HEMA can be per-
manently polymerized on the surface of PDMS by either plasma or a heat induced ap-
proaches [73, 74, 82]. Bodas and Khan-Malek [73, 74] showed that HEMA could be
grafted on the surface of the PDMS with the aid of oxygen plasma treatment. After the
HEMA was grafted on the surface of PDMS, stable and hydrophilic chemical groups,
Si − OH , were permanently formed. Their results were supported by both the contact
angle and ATR-FTIR analysis. On the other hand, the plasma induced grafting approach
has some drawbacks and limitations to be facilitated in microchannel manufacturing.
For instance, long plasma exposure time will cause mechanical aberration of the surface
of the PDMS, which will create undesired surface roughness. Moreover it is hard to
uniformly spin coat HEMA on in the microchannels with precise thickness.

The other approach was to graft the HEMA with a heat induced approach [82]. Choi
and Yang [82] used a heat induced approach to graft the HEMA on the surface of the
PDMS. Figure 2.6 presents a schematic of the principle of the heat induced HEMA
grafting [82]. This is done by first forming active locations on the PDMS surface so that
HEMA will attach to it. The surface activation was achieved with the aid of air plasma
treatment. Afterwards, with the support of heat, HEMA will break the Si − OH bond
and will be grafted to surface of the PDMS. Results of the heat induced HEMA grafting
showed the presence of stable OH groups with the ATR-FTIR analysis [82]. Moreover,
improvement in the electroosmotic mobility of HEMA treated PDMS microchannels was
reported [82].
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Figure 2.6: Basic concept of heat induced HEMA grafting [82].

2.4.2 Surface Characterization

The area of surface characterization of materials is a well established field [83, 84]. In
the literature, different experimental characterization methods have been used analyze
the surface chemistry of PDMS specimens. Contact angle, XPS, and ATR-FTIR are
some examples for such techniques [71, 73, 75, 82]. In this work and for applicability
purposes two surface characterization methods are used to analyze the effects of the
treatments on the PDMS surface. The techniques are: the contact angle and ATR-FTIR
analysis. These techniques were chosen for valid reasons. Examining the nature of the
hydrophilic properties of PDMS sample is done with contact angle measurements. The
ATR-FTIR is used for finding the chemical changes on the surface of PDMS after the
treatments. A brief discussion on the theory of the contact angle and the ATR-FTIR
analysis is presented in Appendix A. For further information on the contact angle refer
to [1, 85]. Suggested readings about the ATR-FTIR analysis include [83, 84].
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Chapter 3

Experimental Setup and Channel
Manufacturing

Experimental studies, qualitative and quantitative, are powerful tools used to validate
new theories, examine certain phenomena, or perform parametric studies. In this work
different experimental techniques were adapted to perform parametric studies related to
microfluidics applications. Figure 3.1 presents a flow chart that summarizes the processes
of the performed studies and the integration process between them.

Chemicals used in this work can be divided into different categories according to their
function. Figure 3.1 presents the process of using the chemicals for different applications
and their integration in the overall study.

The sample manufacturing is briefly discussed in this chapter. The samples are sorted
into: profiled and non-profiled samples. The profiled samples are used to manufacture
the samples in channel format and are studied with the current-monitoring technique
(chapters ) and the dry storage analysis. The non-profiled samples are used in the contact
angle and ATR-FTIR analysis (chapter 6).

The experimental setups used in this work are briefly discussed. The methodology for
using the current-monitoring system is postponed to chapter 4 since it is directly related
to the goals of the chapter. The measurement for the contact angle and the ATR-FTIR
are discussed in this chapter.
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Figure 3.1: Flow chart of the experimental studies.
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3.1 Chemicals and Reagents

The chemicals used in this work can be organized into four main categories: sample
manufacturing, solutions used in the surface treatment of PDMS, electrode calibration
buffers, and solutions that were tested with the current-monitoring technique. Informa-
tion about the different categories of chemicals are discussed next.

3.1.1 Chemicals used for Manufacturing the Microchannels

Samples in microchannel format were used in the current-monitoring studies (chapters
4 and 5), dry storage analysis (chapter 6), and for examining the effects of chemical
surface treatments on the PDMS (chapter 6). The studied microchannels were PDMS
based, since they are suitable to numerous microfluidic applications. The manufacturing
of the microchannels and samples was done with a soft lithography and replica molding
of PDMS [62, 63]. The chemicals used in the manufacturing processes are listed below:

• SU8 (MicroChem Corp.): a polymeric resin used for creating solid profiles of the
microchannels on silicon or glass substrates. SU8 is a photoresist that crosslinks
when exposed to UV light. The photoresist comes in different grades that corre-
spond to the viscosity of the photoresist, which was correlated to the maximum
height of the SU8 hardened profiles [86].

• SU8 developer (Microchem Corp.): used to remove the uncrosslinked SU8 after
the UV exposure and postexposure bake [86].

• TCMS (Trimethlylchlorosilane): is a toxic solution used to coat the hardened SU8
profiles before the replica molding of the PDMS elastomer.

• PDMS Base (polydiemthylsilicone) Sylgard 184 silicone elastomer base (Dow
Corning, San Diego, CA).

• PDMS curing agent (polydiemthylsilicone) Sylgard 184 curing agent (Dow Corn-
ing, San Diego, CA).

3.1.2 Chemicals used for the PDMS Surface Treatment

The main goals of the attempted chemical treatments are to improve the hydrophilic
properties and enhance the zeta potential of PDMS based microchannels. In this work
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three main chemically based treatments were chosen for applicability and their reported
results. The treatments were: prepolymer additive, extraction of PDMS, and HEMA
grafting. The following chemicals were used:

• Acrylic acid (Fisher Scientific) was used in the prepolymer additive scheme.

• Triethylamine (Fisher Scientific) used in the PDMS extraction approach.

• Ethyl acetate (Fisher Scientific) used in the PDMS extraction approach.

• Acetone used in the extraction approach scheme.

• HEMA (2-hydroxyethyl methacrylate) (Sigma Aldrich) was used in the monomer
grafting methods.

3.1.3 Calibration Solutions

The precise measurement of the solutions pH and conductivity is important for the accu-
rate interpretation of the current-monitoring outcomes. High accuracy electrodes were
used for measuring the solution properties. For the purpose of calibrating the pH and
conductivity electrodes three conductivity buffers were purchased from VWR for each
electrode. The conductivity buffers were of values 100 µS/cm, 1400 µS/cm, and 10,000
µS/cm, which cover the conductivity range of solutions used. The pH calibration buffers
were pH 4, pH 7, and pH 10.

3.1.4 Solutions Tested with the Current-Monitoring Technique

One of the goals of this work was to estimate the electrostatic properties of biological
buffers that have not been reported in the literature. Some of the buffers are known as
Good’s buffers, in reference to criteria proposed by Good et al. [87]. Other buffers
are commonly used in the biological analysis community for DNA, RNA and protein
analysis. The solutions were:

• 1X TAE-pH 8.08 (40 mM Tris base, 20 mM Acetic acid, and 1mM EDTA).

• 1X TBE-pH 8.24 (89 mM Tris, 89 mM boric acid, and 2 mM EDTA ).

• 1X PBS-pH 6.71 (10mM Disodium hydrogen phosphate Na2HPO4, 1.75mM
Monopotassium phosphateKH2PO4, 13.7mM Sodium chloride NaCl, and 2.65mM
KCl Potassium chloride).
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• 1X MOPS-pH 7 (3-(N-morpholino)propanesulfonic acid)

• HEPES-pH 8.81 (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid )

• Tris-HCl-pH 7.78 (tris base adjusted with HCl)

• 1X TE-pH 8 (10 mM Tris, and 1 mM EDTA )

• KCl (50 mM , 10 mM, and 1 mM)

• L-15EX-pH 7

Some buffers came as batches of the high concentrated solutions, such as 10X MOPS
and10X PBS. The high concentrated buffers were diluted from the concentration of 10X
to 1X with ultrapure1 water (1 to 9 ratio, buffer to water). Other buffers were prepared
in the lab such as 1X TBE and HEPES. The pH of the buffers was measured during the
solution preparation with the pH electrode, and if needed, titration was performed. All
solutions were filtered through a 0.2 µm filter before using them in the actual current-
monitoring experiments.

3.2 Sample Manufacturing

In this work, only PDMS based microchannels were studied because of there vast appli-
cability in microfluidics [62, 63]. The manufacturing technique is known as soft lithog-
raphy technique. The process goes through two main steps:

• First manufacture the appropriate masters that has the channel profiles.

• Second, replica mold of the microchannels and non-profiled samples with PDMS
elastomer [62, 63].

A simple description of the procedure for manufacturing the channels masters is pre-
sented in Appendix B Section B.2.

The samples are into two main formats: microchannel and non-profiled formats. The
microchannel formats are used in the: current-monitoring studies (chapters 4, 5), the dry

1Ultrapure water is a commonly used term for high filtered de-ionized water. The extra filtering step
removes impurities and particles from the water. Also, it the total organic carbon and the water electrical
conductivity are controlled. The electrical conductivity of ultrapure is less than 10 µS/m
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storage analysis (chapter 6), and the PDMS chemical surface treatment studies (chap-
ter 6). The non-profiled PDMS samples are used in the contact angle and ATR-FTIR
analysis (chapter 6).

Air plasma treatment is used to alter the surface properties of PDMS and help the
bond the channel to the substrate. The system used is the PDC-001 plasma-cleaner (Har-
rick Plasma, Ithaca, NY). The common plasma treatment protocol is 29.6 W for 40 s,
unless otherwise specified. Figure 3.2 shows a photograph of the plasma treatment sys-
tem and a typical PDMS chip.

PDMS and substrate

Substrate 

Reservoirs 

 

Figure 3.2: Plasma treatment system and a typical bonded chip.

3.3 Experimental Setups

In this work the different experimental setups were used to perform numerous studies.
The following systems were used: solution property measurement devises, the current-
monitoring setup, the ATR-FTIR system, contact angle system, and the fluorescence
microscopy system. Information about each of these systems will be provided next.

3.3.1 Solution Property Measurement

The three important solution properties that have a direct effect on the electroosmotic
flow in microchannels are the temperature, the solution pH, and the conductivity. Con-
ventional electrodes can not be used for measuring the solution properties in the chip
due to the space and volume limitations at the reservoirs. Hence, small electrodes with
high accuracy were needed. The temperature was measured with a high accuracy K-
type (chromel-alumel) thermocouple. The pH and conductivity were measured with the
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MI-915 and MI-4154 electrodes (Microelectrodes Inc Bedford, USA). The electrodes
were connected to an Orion 5 Star meter (Thermo Electron Corporation) for outputting
the readings. The electrodes were frequently calibrated prior current-monitoring exper-
iments, each with appropriate buffers. A three point calibration procedure was done for
the each electrode. After the calibration the conductivity electrode was kept in a bottle
with ultra pure water, while the pH electrode was preserved in an active buffer of pH7.

3.3.2 Current-Monitoring System

The basic concept of the current-monitoring technique is to record the electrical current
while performing electroosmotic pumping in microchannels. Thus, an electrical voltage
supply and a current measurement system are needed. A schematic of the connections
between the components of the current-monitoring system is presented in figure 3.3. The
main components of the current-monitoring system used in this work and the operation
of each element are listed as follows:

• DC power supply (Spellman SL10*10 B.3.1).

• Current measurement system.

• Electrical switch.

• Chip holder.

• Data recording and monitoring system.

• AC - Fan.
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Figure 3.3: Schematic of the current-monitoring experimental setup.

.

The electrical switch and the chip holder were in-house assembled components as
shown in figure 3.4. The main function of the AC fan was to keep the chip assembly at
room temperature during experiments. The electrical current measurement system will
be discussed next. For more information about the current-monitoring main components
and specifications refer to Appendix B, Section B.3

In the first stage of current-monitoring experiments the current recorded from the
Spellman was sufficient for measuring electrical currents above 2 µA with an accepted
accuracy in distinguishing important points of the current-time plot. However, the elec-
trical current exported from the Spellman showed severe noise. In addition, preliminary
results of the surface conductance during electroosmotic flow were negative, which con-
tradicts with the physics of the electroosmotic flow. For this reason a high accuracy
Pico-Ammeter (Keithley 6485) was integrated in the current-monitoring system. This
was done to assure accurate electrical current measurement. Figure 3.4 presents a typical
current-time plot recorded during an actual current-monitoring experiment with both the
Spellman power supply and the Keithley pico-ammeter.
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(a)

(b)

Figure 3.4: Electrical current comparison. (a) Keithley Pico-Ammeter, and (b) Spellman
power supply.

.

As shown in figure 3.4, it is apparent that both current-time plots from the Spellman
power supply and the Pico-Ammeter were giving close trends in distinguishing important
points of current changes. On the other hand, the Spellman is underestimating the actual
current by about 3 % compared to the Pico-Ammeter. Moreover, the signal from the
Spellman is noisy. Given that the accuracy of the electrical current measurement from
the pico-ammeter is higher than the accuracy of measuring the current from the Spellman,
it is believed that the current recorded from the pico-ammeter is closer to the real time
electrical current during electroosmotic pumping. This supports using the Pico-Ammeter
in the current-monitoring experiments.

Note: to integrate the Pico-Ammeter to the current-monitoring setup a surge protec-
tion circuit must be used. Refer to Keithley Low Level Measurements Handbook [88].

3.3.3 ATR-FTIR System

The ATR-FTIR analysis is a non intrusive technique used to find the presence of different
chemical groups in samples [83]. The ATR-FTIR analysis was adapted to study the
chemical groups present in the PDMS samples since the samples were around 2 mm
thick. The ATR was also used to examine the chemical surface treatments for the PDMS,
as will be presented in chapter 6.

36



In the present study the TENSOR 27 (Bruker Optics Ltd., Milton, ON, Canada) is
used to analyze the treated and non-treated PDMS samples. The TENSOR 27 is capa-
ble of finding the IR spectrum ranging from 400-4000 cm−1. To obtain the infra red
reflectance signal an ATR MVP-SplitPea accessory with a hemispherical shaped silicon
crystal (Harrick Scientific Inc, Pleasantville, NY) was used. The crystal has a refrac-
tive index of 3.4. For an organic sample with a refractive index of 1.5 the penetration
depth of the IR signal is 0.41 µm at a wave number of 2000 cm−1. The control of the
TENSOR 27 ATR-FTIR system was achieved with OPUS program (Bruker Optics Ltd.,
Milton,ON) which was the interface between the TENSOR 27 and the PC. Figure 3.5
presets the system used for the ATR-FTIR analysis.

The size of the PDMS samples that were tested with the ATR-FTIR system are 3
cm × 3 cm in order to provide adequate clamping on the silicon crystal. At least three
samples for each treatment were prepared for ATR analysis. For each sample, at least
three locations are measured. Each measurement covered the range 400 - 4000 cm−1

with a 4 cm−1 step, and 32 scans were obtained in a single measurement. The measure-
ment startes by obtaining the background spectra for the surroundings. Then the PDMS
sample is clamped over the silicon crystal with a torque of 8 cN ·m, and the measure-
ment is performed. After each measurement the silicon crystal is wiped with acetone for
cleaning purposes. The results of the ATR-FTIR analysis will be disscussed in chapter 6.

Silicon 

Crystal

Figure 3.5: Bruker (TENSOR 27) FTIR system. Enlarged figure is the ATR MVP-
SplitPea accessory.
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3.3.4 Contact Angle System

Contact angle measurement of small solution droplets on solid surfaces gives important
information about the nature of the surface. The contact angle measurement was chosen
to examine the surface properties of the PDMS used in the channel and sample manufac-
turing before and after different treatments. The studies covered the effects of the plasma
treatment on PDMS. Also, the chemical treatment effects on the properties of PDMS
were examined, as will be discussed in chapter 6.

The contact angle measurements are performed with a prearranged system on a vibra-
tion free table. The system includes a CCD camera (CHOU model 4915-20001) which
was connected to an acquisition and analysis system. PDMS samples with size 1.5 cm
× 1.5 cm were used in the contact angle measurements. The sample was positioned on
a sample holder in front of the camera optics. Ultrapure water droplet was put on the
sample and the monitoring system was used to assure that the droplet is symmetric. A
series of images was taken with the camera. In a typical measurement 30 images were
recorded for a one point. The final result was the average of the 30 images. Moreover,
for each sample at least two points of contact angle measurements were performed. The
program used to analyze the images was ADSA (Axisymmetric drop-shape analyses)
software. Figure 3.6 presents a photographic image of the system used for the contact
angle measurements.

CCD camera 

(CHOU 

4915-2001)

Monitoring 

system

Acquisition 

and analysis 

system

Figure 3.6: Contact angle measurement system.
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3.3.5 Fluorescence Microscopy System

A fluorescence microscopy system was used for different applications and sample imag-
ing. An inverted microscope (GX71, Olympus) with numerous dry objectives was used
in various studies. The main properties of the objectives are listed in table 3.1.

Table 3.1: Microscope objectives specifications.

Working Numerical
Objective name Magnification distance Aperture

(mm) (NA)
UMPlanFl-BD 5x 5x 12 0.15

UMPlanFl-BD 10x 10x 6.5 0.3
UMPlanFl-BD 20x 20x 3 0.46
LMPlanFl-BD 50x 50x 10.6 0.5

LMPlanFl-BD 100x 100x 3.3 0.8

The choice of the microscope objective depends on the size of the area of interest in
the sample. If the area of interest is small high magnification objectives were used, and
vise versa. Figure 3.7 presents a schematic of the sample view and the observed area of
interest from the microscope objective. Light illumination was performed with a halogen
lamp mounted on the back of the microscope. The microscope was also equipped with
an Olympus filter cube (BSWM) for the purpose of fluorescence imaging. This filter is
ideal for the imaging the commonly used fluorescent dye (Invitrogen Corp).

39



Front 

Section of 

the channel

Top section of 

the channel

Microscope 

objective 

Microchannel

Area of interest viewed 

from the microscope 

objective 

Channel 

Walls

Channel 

Walls
w

h

Front section 

Top section and field of 

view from the objective

Micorchannel

Microscope objective 

Figure 3.7: Schematic of the area of interest in microchannel observed from the micro-
scope objective.

The imaging of the viewed samples was performed with a CoolSNAP ES CCD cam-
era (1392x1040 pixels, Photometrics) which was coupled to the microscope system. The
image capturing and analysis was carried out with the Image-pro Plus software (Media
Cybernetics). Figure 3.8 presents a photographic image of the microscopy system.

The microscope was frequently used for the verification of both the master and the
chip that will be tested in the current-monitoring experiments to assure the absence of
defects. Also the system has been used for flow visualization of electroosmotic pumping
in the Y-channel design as will be presented in chapter 4.
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Figure 3.8: Fluorescence microscopy system.

3.4 Final Remarks

In this chapter general information about the chemical used, sample manufacturing pro-
cess, and experimental setups were presented. A descriptive overview of the microchan-
nel manufacturing process is discussed in Appendix B.2. The processes of chemically
treating the PDMS samples will be presented in chapter 6, since it is directly related to
the goals of the chapter.

The experimental setups were generally overviewed. The procedures in perform-
ing the measurements with each experimental system will be presented in the related
chapters. Studies with the current-monitoring system will be discussed in chapters 4
and 5. The ATR-FTIR and contact angle systems were used in the characterization of
the chemical treatments, as will be presented in chapter 6. An overview of the uncer-
tainty parameters of the current-monitoring system is presented in Appendix C. Also, an
overview of the error propagation is discussed in Appendix C.

41



Chapter 4

A New Channel Design for the
Current-Monitoring Technique

In this chapter a new Y-channel design1 will be presented, analyzed and validated for
studying the electrostatic properties of the microchannel along with the current-monitoring
technique. Errors from the undesired pressure driven flow and electrolysis were ad-
dressed and reduced in the new channel design.

4.1 Introduction

Electroosmotic flow utilizes the presence of the EDL to create a flow within microchan-
nels. By applying an electric field tangentially to the EDL the mobile ions in the EDL will
move to an appropriate electrode, and with viscous effects the moving ions with in the
EDL will drag the solution in the region out of the EDL [4, 11, 26]. Figure 4.1 presents a
schematic of an electroosmotic flow with the driving body force inside a microchannel.
As discussed in chapter 2, for a thin EDL compared to the channel characteristic length
the average velocity in the microchannel is approximated with the slip velocity, which is
found from the Helmholtz-Smoluchowski equation 4.1:

uslip = −εo · εr · E
µ

· ζ = µemo · E (4.1)

where uslip is the slip velocity at the shear layer of the EDL, E is the electrical field, εr

the solution relative permittivity, εo the vacuum permittivity, ζ is the zeta potential, and

1The introduction of the Y-channel design was done in the IMECE2007 conference, in Seattle 2007
[89]. The first paper discussing the Y-channel is published in the proceedings of the conference [89].
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µ is the viscosity of the solution. Another commonly used term is the electroosmotic
mobility µemo of the microchannel which groups the solution properties with the zeta
potential into one value.
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Figure 4.1: Schematic of electroosmotic flow in a microchannel.

Electroosmotic flow has been widely used in several microfluidic applications be-
cause the ease of implementation in the microchips, fast response time, ease of control
through complex channel geometry, and most important is the plug like velocity profile
[4, 11, 51]. The significance of the plug like profile comes from that it does not allow
sample dispersion, thus increasing the accuracy of analyte detection. The most impor-
tant factor that defines the electroosmotic flow in microchannels is the zeta potential.
This property is unique for each solution wall pairing, thus it is important to accurately
measure its value.

The current-monitoring technique is the most widely adopted method for finding the
zeta potential of microchannels due to its simplicity of the hardware, ease of interrupting
the results and accuracy [4, 46, 41, 42, 47, 48, 49, 50, 51, 52]. In this method the average
electroosmotic velocity is measured by qualitatively monitoring the current change as the
test solution is replaced by the same solution but with a slightly different concentration
(i.e. lower conductivity) in a straight microchannel. It is important that the concentration
difference be small (≈5% concentration difference) or inaccuracies will occur due to
variations in zeta potential between the two solutions. By knowing the time needed for

43



solution replacement in the microchannel and the channel length the solution average
velocity inside the microchannels could be estimated:

uav =
L

M t
(4.2)

where L is the channel length where the solution is being replaced, and M t is the time
needed for the full solution replacement within the microchannel (ie. from one reservoir
to the second reservoir). The full replacement is identified by reaching a steady electrical
current value, which indicates that only a specific solution is pumped in the microchan-
nel. Afterwards the zeta potential is inferred from the Helmholtz-Smoluchowski slip
velocity 4.1 for a thin EDL compared to the channel characteristic length. A simple
schematic of the principle of the current-monitoring technique with a typical current-
time plot reported from the literature is presented in figure 4.2.

Ren et al. (2002)

(b)

Figure 4.2: Schematic of the principle for the current-monitoring technique and a typical
outcome [19, 48].

As discussed in chapter 2, previous current-monitoring experiments did not address
several problems that have an affect on the current-monitoring results. Issues such as un-
desired pressure driven flow and electrolysis were not discussed nor were the prevented.
Also, other problems were encountered when using the current-monitoring technique
with microchannels in chip format, such manual removal of the solution at the reser-
voirs and positioning the electrodes. The nature of the technique requires continuous
interaction with the hardware and experimental setup. The solution removal at the reser-
voirs was done manually with no assurance of emptying the reservoirs. Moreover, the
current-monitoring experiment must be repeated several times to obtain consistent results
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for identical experimental conditions. This process was time consuming and the results
were not reliable.

In this work a Y-channel design was presented to study the electrostatic properties of
PDMS based microchannels with the current-monitoring technique. The main aspects of
the design will be discussed in the next sections.

4.2 Y-Channel Design

In the Y-channel design, two side channels are connected to a displacement channel, as
schematically shown in figure 4.3. The basic concept of the design is to fill the two source
reservoirs, R1 and R2, with the high and low concentration solutions, 100% and 95 %
concentrations. The solution pumping is alternated between the two source reservoirs.
This is achieved with an electrical switch that is connected to the electrodes touching the
solutions at the source reservoirs. The current is monitored while the pumping process is
performed from the reservoirs and replacement is occurring in the displacement channel.
This design offers the ease of repeating the experiments several times by only changing
the direction of the applied electric field, thus; performing more measurements without
the need of manually removing the solutions from the reservoirs.

R surface

R fluid

R surface
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-V

Floating

-V
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3
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Electrical 

switch

I (A)

R fluid

R1

R2

R3

Figure 4.3: Schematic of the proposed Y-channel design.

The operation principle of the Y-channel design is as follows. First an electric field
is applied between the high concentration (R1) solution and the third reservoir ( R1 →
R3 ), while leaving R2 floating, which will pump the high concentration solution in the
displacement channel. The electrical current is monitored during the process and full
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solution replacement inside the displacement channel is indicated by reaching a steady
current value. Afterwards, the electric field direction is applied to the other reservoir
with the electrical switch, and the electric field is applied from R2 to R3 while leav-
ing R1 floating. The low concentration solution is pumped inside the displacement (Ld)
microchannel, casing a change in the current due to difference in the solution conduc-
tivity. The current is monitored while the low conductivity solution was being replaced
inside the displacement microchannel. Likewise, full replacement was indicated when
the current reach a plateau.

Figure 4.4 presents the expected current-time plot from the Y-channel design during
the two pumping scenarios, and the current-time plot for a straight channel design with
the same geometrical aspects ( same cross-section area and Lchannel = Ld + Lside).
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Figure 4.4: Expected current trend during the replacement from the Y-channel design.
The red line represents pumping the low concentration solution (R2→ R3), the blue line
represents pumping the high concentration solution (R1 → R3), and the dashed line is
the expected current from the straight channel design.

Notice, in both cases, the slope of the current-time relationship is the same. The
current-time trend from the Y-channel design is similar to a straight channel design par-
tially filled with the solution being replaced. The average velocity of the solution during
the replacement in the Y-channel design can be calculated as:

uav =
Ld

M t
(4.3)

where Ld is the length of the displacement channel and M t is the time needed for the full
replacement of the solution inside the channel. By comparing the current draw from the
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Y-channel to the straight channel designs there are some noticeable differences. In the
Y-channel and immediately after switching there is a sudden change in the current, either
drop or increase. This is due to the fact that the side channel is already filled with the
solution that has a different conductivity from the solution which is in the displacement
channel at the time of the switch. The magnitude of the sudden current change is in-
fluenced by the solution electrical resistance from the side channel to the total electrical
resistance between the reservoirs. If the cross-sectional area of the side channel is sim-
ilar to the displacement channel, which is the case in these designs, the relation reduces
to be a geometrical ratio of side channel length to total length between the reservoirs
(Lside/Lchannel, where Lchannel = Ld + Lside).

4.2.1 Undesired Pressure Driven Flow

In devices utilizing electroosmotic flow, undesired pressure driven flow limits the through-
put and stability of the device operations conditions [16, 61]. In the presence of both
pressure driven and electroosmotic flows the velocity in the microchannel will be the
superposition of the two components.

The accuracy of the current-monitoring technique in finding the zeta potential of
microchannel is affected by the pressure driven flow since it finds the average velocity of
the of the pumping without distinguishing the either velocity component. However, if the
pressure driven flow can not be eliminated and its magnitude and direction are known,
the electroosmotic velocity could be found by accounting for the average velocity of the
pressure driven flow.

There are two main contributors for the pressure driven flow in current-monitoring
technique for channels that must be addressed: solution height differences between the
reservoirs and Laplace (meniscus shape differences) pressure effects. In order to perform
accurate current-monitoring measurements pressure driven flow must be eliminated.

An effective approach for reducing the effects of the undesired pressure driven flow
is to increase the hydrodynamic resistance of the microchannel. The hydrodynamic re-
sistance for a microchannel can be approximated by equation 4.4:

Rhyd =
12 · µ
w · h3

(4.4)

where L is the channel length, µ is the solution viscosity, w is the channel width, and h
is the channel height. In order to effectively increase the hydrodynamic resistance the
denominator must be reduced. This could be done by either decreasing the channel width
or height. Changing the channel height is more effective since its effect is powered by
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three (Rhyd ∝ 1/h3). On the other hand the channel height must not be in the same
order as the scale of the EDL thickness so that the approximation of the Helmholtz-
Smoluchowski equation 4.1 is still valid.

As presented in chapter 2, the thickness of the EDL is in the same order of the Debye
length scale. And it is known that for very dilute solutions the thickness of the EDL is
very high. i.e. for ultra pure water the thickness of the EDL is around 300 nm [11].
Hence, the characteristic length of the channel dimensions must not interfere with the
thickness of the EDL, in order for the approximation of equation 4.4 to be valid.

Figure 4.5 presents the effect of changing the channel height on the velocity ratio
of pressure driven flow to electroosmotic flow, (upressure/uelectroosmotic), in a situation
where the pressure difference between the reservoirs is around 100 Pa and the solution
has a very low electroosmotic velocity, 166 µm/s2.
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Figure 4.5: Channel height affect on the velocity ratio (upressure/uelectroosmotic). The
analysis was performed for a pressure difference of 100 Pa between the reservoirs and an
average electroosmotic velocity of 166 µm/s .

The analysis presented in figure 4.5 was performed to prove the concept of the effect
of changing the channel height height on the velocity ratio (upressure/uelectroosmotic). The

2This average velocity is equivalent to pumping a solution with very low electroosmotic velocity, such
as 1X PBS buffer. The example presented in figure 4.5 is performed for an applied electric field of Ex =10
kV/m and a solution having an electroosmotic mobility of µemo = 1.66× 10−8m2/V · s.
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values of the electroosmotic velocity and the induced pressure difference between the
reservoirs were chosen to be severe situations. In most cases the electroosmotic velocity
in microchannels is higher than 166 µm/s. Also, this pressure difference was equivalent
to solution height differences of 1 cm between the reservoirs, which was not allowed in
the real experimental conditions.

As shown in figure 4.5, the velocity ratio is below 10 % when the channel height is be-
tween 5 - 10 µm. Thus, the error from the undesired pressure driven flow is significantly
reduced and it is within the uncertainty of the measurements from a typical experimental
setup, as presented in Appendix C. Moreover, this range of channel heights does not vi-
olate the approximation of the average velocity with Helmholtz-Smoluchowski equation.

4.2.2 Solution Electrolysis Effects

Electrolysis of the background electrolyte, at reservoirs, has severe effects on applica-
tions where the solutions must maintain a certain pH value, such as DNA electrophore-
ses. Thus, it must be eliminated or significantly reduced. This motivated researchers in
the chemistry discipline to study solution electrolysis experimentally and numerically in
order to overcome these problems [40, 41, 90, 91].

The major problems associated with electrolysis in electroosmotic pumping are as
follows:

• Changing the solution properties [40, 41, 90, 91].

• Creating bubbles around the electrodes that are used to implement the electric
fields 3.

• Depleting the solutions at the reservoirs [19].

One important issue with electrolysis that affects the stability of electroosmotic pump-
ing is the formation of bubbles around the electrodes. The formed bubbles increases the
electrical resistance during electroosmotic pumping since they will form an insulating
layer around the electrode. These bubbles create an unsteady electroosmotic pumping
conditions. This trend has been observed in preliminary current-monitoring experiments
with the Y-channel design for 10 and 9.5 mM KCl. Figure 4.6 shows the effect of bubbles
formation on the current-time plot during long term electroosmotic pumping.

3This was observed in preliminary current-monitoring experiments performed in the lab.
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(a)

(b)
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Figure 4.6: current-monitoring experiment for 10 mM KCl and 9.5 mM KCl. The experi-
ment was performed for four different applied voltage differences between the reservoirs,
(a)-250 V, (b)-500 V, (c)- 750, and (d)- 1000 Volts during which the solutions were kept
in the reservoirs.

From the current-plot shown in figure 4.6, there is a clear and repeatable trend for
the solution replacements in regions (a), (b), and (c). In these regions, the replacement
between the 9.5 mM KCl and 10 mM KCl was occurring and clearly identified. On the
other hand, the forth region (d) there was neither a clear trend nor stable solution re-
placement as indicated in the current-time plot. Bubbles were observed on the electrodes
during this experiment, which affected the stable pumping conditions of the solutions
since the applied electric field was fluctuating due to the change of electrical resistance.
Also, the solution pH changed at the source reservoirs from 6.83 to 3.5 during the ex-
periment. Fluctuations in the recorded current were attributed to the forming of bubbles
around the electrodes and to the unstable changes of the solution pH at the reservoirs.

Another problem that electrolysis has on the current-monitoring technique is its ef-
fects in changing the solution conductivity. This is due to the formation of free ions dur-
ing electrolysis that contributes to an increase in the local solution conductivity which
is being pumped in the microchannel. In the current-monitoring experiment this unpre-
dictable change in current creates a chance of not accurately finding the end of solution
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replacement during the electroosmotic pumping. This problem has severe effects on so-
lutions that have low or no buffering capabilities, such as electrolytes and buffers with
high electrical conductivity. Figure 4.7 presents the electrolysis effects in changing the
solution conductivity during a current-monitoring experiment for 1XPBS buffer.

End of 

replacement

Figure 4.7: current-monitoring experiment for 1X PBS.

In this experiment the channel was filled with 1X PBS, the 100 % solution, and it
was replaced with 95 % 1X PBS solution, as it is clear from 4.7. After the replacement
has ended there was an increase in the recorded current. To have a better understanding
on the nature of solution property changes during this experiment, table 4.1 presents pH
and conductivity properties before and after the experiment.
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Table 4.1: Solution property change during current-monitoring experiment presented in
figure 4.7 with 1X PBS.

pH Conductivity λb

(µS/cm)

pH1 pH2 λb1 λb2 %4λb

Reservoir 1
6.7 6.62 11,260 11,490 2.04%

1XPBS (100 %)
Reservoir 2

6.67 6.60 10,830 11,100 2.49 %
1XPBS (95 %)

Reservoir 3
6.67 6.99 11,180 11,820 5.72 %

1XPBS (100 %)

As observed in table 4.1, the solution property changes during this experiment are
caused by electrolysis since the temperature at the reservoirs did not change. In this
experiment the electric field was applied to the solutions in the reservoirs for 14 minutes,
which increased the undesired electrolysis effects. This trend, showing the effect of pH
changes on conductivity, was also observed by Rodriguez and Chandrasekhar [41]. Thus,
to perform accurate current-monitoring experiments, certain precautions and remedies
must be done to reduce the effects of electrolysis.

As seen previously, electrolysis as a phenomenon associated with electroosmotic
pumping could not be eliminated. Hence, it is the toughest obstacle confronting elec-
troosmotic pumping in microchips. Reducing the effects of electrolysis is important
for the long run of electroosmotic pumps. Also, for accurate interpretation of current-
monitoring experimental outcomes, electrolysis must be significantly reduced.

Figure 4.8 presents a schematic of the different phenomena occurring during solution
electrolysis that have an effect on the current-monitoring technique.
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Figure 4.8: The electrolysis phenomena and its effects on the solutions at the reservoirs
during electroosmotic pumping. White dots represent the bubble formation around the
electrode and red regions represent electrolyzed solution parcels. (a) First Y-channel
design and (b) final Y-channel design.

As shown in figure 4.8, the two major phenomena associated with electrolysis that
have an affect on the current-monitoring technique are the bubble formation at the elec-
trodes and the diffusion of the parcels of electrolyzed solution in the channel. These
two phenomena could be significantly reduced by using large volumes of solution at the
reservoirs which will absorb small electrolysis changes around the electrodes. Another
remedy was to position the electrodes far away from the entrance of the channel. This
will allow more time for performing the experiment before parcels of electrolyzed so-
lution enters the microchannel. Macka et al. [40] found that to reduce the effects of
electrolysis in capillary electrophoresis application the electrodes should be positioned
1 mm above and 1 mm away from the capillary entrance [40]. This will give more time
before the electrolyzed solution reaches the microchannel.

In the present work large extended reservoirs, as shown in figure 4.8, were used for
the current-monitoring experiments. The electrodes were positioned 1.5 cm above the
entrance of the channel.

Another important safety measure that has an influence in reducing and delaying
electrolysis was to reduce the current draw during electroosmotic pumping. This was
done by increasing the electrical resistance of the channel/solution configuration. In a
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microchannel, the electrical resistance of the solution is found from equation 4.5:

Relectrical =
L

λb · Ac

(4.5)

where L is the channel length, λb is the solution bulk conductivity, and Ac is the cross
sectional area of the microchannel. By using a shallow channel the cross section area
will be reduced. This will reduce the effects of electrolysis, as it will also reduce the
undesired pressure effects, as disused in the previous section.

Nevertheless, to insure that the electrolysis effects were reduced in the current-monitoring
technique several precautions were taken during the current-monitoring experiments:
performing the experiment at low currents, shortening experiment times for non-buffered
solutions, replacing the solutions after each stage of the experiments if needed, and the
platinum electrodes were touching the tip of the solutions in the reservoirs.

4.3 Experimental Setup and Procedure

The main Y-channel design aspects and the experimental procedure will be presented
next.

4.3.1 Y-Channel Designs Aspects

Based on the forgoing discussions, the major aspects of the Y-channel design were de-
cided. First, the side channel to the displacement channel lengths was chosen to be 1:4.
This ratio will provide more time for the solution to be displaced in the microchannel,
which makes it easer to locate the start and end of the solution replacement. Channel
heights were chosen to be in the range of 5 - 10 µm, which will significantly reduce the
effects of undesired pressure driven flow and electrolysis. To assimilate the variety of
solutions that will be studied numerous masters with different dimensions of Y-channel
designs were manufactured in the same approach presented in chapter 3. A summary of
the Y-channel designs is presented in table 4.2:
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Table 4.2: Dimensions of the fabricated masters for the Y- channel designs.

Master No. Avg. Width (µm) Avg. Height (µm)
Y-500-2 483.83 9.06
Y-500-3 490.00 7.11
Y-200-1 192.83 10.37
Y-200-2 192.50 5.82
Y-200-3 192.25 7.00
Y-100-1 94.75 5.76
Y-100-2 94.12 7.32

4.3.2 Experimental Procedure

An appropriate Y-channel design is chosen for the solution that will be studied in the
current-monitoring experiment. This is done by finding the expected channel cross sec-
tional area from equation 4.6, and under an applied voltage 750 V and a current 2 - 10
µA, and using the equation:

Ac exp =
I · Lchannel

V · λb

(4.6)

whereAc exp is the channel cross-sectional area of the channel, Lchannel is the total length
of the channel, I is the current, V is the voltage, and λb is the solution conductivity.
The current was chosen in this range because of the accuracy of current measurement
system. The electrical current renge condition (2 - 10 µA) was applied when recording
the electrical current from the Spellman power supply. However, if the Pico-Ammeter
was used the electrical currents could be recorded with smaller values, refer to figure 3.4.

Prior to performing the current-monitoring experiment a branch symmetry validation
was done for each Y-channel chip. The validation was a two step procedure. First a check
with the microscope was done to assure that there were no obvious dimensional defects
in the channels. The second step of the symmetry validation was done by filling both
reservoirs R1 and R2 with the same solution and alternate the pumping source between
the reservoirs with the same applied electrical field while monitoring the current for each
pumping scenario. If both branches were symmetrical the current draw during pumping
will be identical regardless of the source reservoir. After the symmetrical validation was
confirmed, new solutions were introduced into the reservoirs. The first reservoir contains
a 100 % solution, while R2 contains the same solution but diluted to 95 %. The solution
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properties such as the temperature, pH and conductivity were measured at the start and
end of the experiments.

The experiment starts by applying an electric field between R1 and R3 and pumping
the high concentration solution in the microchannel. The current was monitored until
reaching a steady current value, which indicates that the full solution replacement in
the displacement channel was achieved. Afterwards, the electric field is switched to the
other reservoir, R2 and R3 and pumping the low concentration solution. The current
will change during the replacement and the full replacement in the displacement channel
was identified when the current reaches a steady value. These first two switches were
done to prime the chip for the actual measurements. This was done to assure that the
residual solutions from the symmetry check were removed. The switching procedure was
repeated several times by alternating the direction of the applied electric field between
R1 and R2 and getting accurate solution replacement. In a typical experiment several
switches between the reservoirs were performed for a certain electric field, furthermore
different electrical fields were also tested. The solution properties were measured after
each set of switches to assure that the electrolysis effects were minimal and if needed
the solutions were replaced. It was found that electrolytes and some high conductive
buffers, such as 10 mM KCl and 1XPBS, needed to be replaced before starting other
measurements with different electrical fields.

The study of dynamic solution displacement during switching at the Y-intersection
was performed with fluorescent dye visualization. The visualization was done by filling
the first reservoir (R1) with 1X TAE buffer dyed with 10 mM florescent dye while the
second reservoir (R2) was filled with 1X TAE (non-dyed). A set of images showing the
fluid flow when alternating the pumping source between the reservoirs, R1 and R2, are
presented in the figure 4.9.
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Figure 4.9: Florescent dye imaging at the Y-connection. R1 contains a dyed solution and
R2 non dyed solution. (a-d) the electric field is applied between R2 and R3, and (e-g) the
electric field is applied between R1 and R3. The arrow indicates the direction of electric
field.

At first the dyed solution was filing the displacement channel, as show in figure 4.9
(a). In figure 4.9 the electric field is applied to the second reservoir and the non-dyed
solution starts its replacement in the displacement channel, this scenario is sequenced in
figures 4.9(a→ d). The other pumping scenario is presented in figure 4.9(e→ h).

It is clear that the switching and solution replacement process at the Y-intersection
is smooth for any electric field direction and there was no back flow. It is also observed
that there is large diffusion between the two solutions in the side channels. The diffusion
of the dyed solution to other branch (clearly observed in figure a), is due to the large
concentration difference between the dyed and non-dyed solutions (100% to 0 % of dye).
In real time current-monitoring experiments the concentration difference is around 5%,
this will reduce the effects of solution diffusion between branches.

Figure 4.10 presents a typical current-time plot from current-monitoring experiments
with the Y-channel design and a straight channel design using the same solution.
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Figure 4.10: Results of a current-monitoring experiment for 1 mM KCl , (a) -straight
channel design, and (b)- Y-channel design.

As clearly shown in figure 4.10(a), in the straight channel design it is hard to accu-
rately locate the end of solution replacement, since there is a gradual current change.
Also, the time needed for removing the solution from the source reservoir was around 20
s, (the region from t = 81 - 100 s in figure 4.10(a) ). From figure 4.10(b), the results from
the Y-channel design for the same solution has a better trend. Locating the start and end
of solution replacement in the displacement channel between the two pumping scenarios
was easier since the current-time plot was sharp. Note that the lines with a negative slope
correspond to the low conductivity solution replacement, or applying the electric field
between R2 and R3, and vise versa. Furthermore, the number of replacements with the
Y-channel design was more than with the straight channel design. To get more replace-
ments with the straight channel design the experiment must be stopped and the solution
at reservoir needs to be manually removed, without assurance of getting good results.
Thus, the Y-channel design has advantages over the straight channel design since it gives
a better current trend and it is more time effective in performing the experiments.

4.3.3 Data Analysis

An in house Matlab program [92] was written to analyze the experimental outcomes of
the current-monitoring technique. The program imports the experimental results and per-
forms the calculation of the different parameters that could be obtained from the current-
time plot. The zeta potential, the electroosmotic mobility and the surface conductance
were the main variables calculated in the program. The first step of the analysis was to
input the experimental conditions, such as number of analyzed replacements, solution
temperature, the solution conductivity and the solution pH. This was implemented in the
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program with a graphical user interface (GUI), as shown in figure 4.11(a). Afterwards,
another GUI will open that allows locating the important points in the current-time plot,
as clearly shown in figure 4.11(b). This GUI is repeated with the same number of dis-
placements that was chosen for analysis. After finishing all the sets of replacements
and performing the analysis a final GUI appears with the results of each individual set,
such as the zeta potential and the electroosmotic mobility, which allows the user to chose
individual experimental sets of interest and average their results in the output file.

Uncertainty analysis of the parameters calculated from the current-monitoring out-
comes was employed in the program. The uncertainty analysis is similar to the procedure
presented in Beckwith et al. [93], also discussed in Appendix C. The uncertainty was
calculated with a confidence level of 90 %. A final result file was that written that sum-
marizes the important results of the chosen individual sets and the average of the chosen
sets.

(a)

(b)

Figure 4.11: GUI’s of the Matlab analysis program. (a)- GUI of the experimental pa-
rameters and conditions, and (b)- GUI for choosing the important points of interest for a
certain replacement.

4.4 Results and Discussion

In this section the results of the current-monitoring experiments with the Y-channel will
be presented. The main goal of this section is to validate the use of the Y-channel design
with the current-monitoring technique in studying the different electrostatic properties
of microchannels. The criteria chosen for the validation process are as follows: first to
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compare the consistency of results of a single solution with different Y-channel designs.
Secondly, find the effect of the change of solution concentration on the zeta potential
value for a certain solution. Finally, compare the values of the zeta potential found from
the Y-channel design with results in the literature from the straight channel design.

4.4.1 Consistency of the Results from the Y-channel Design

One important property of the zeta potential is that for a certain solution/wall pairing the
zeta potential value is constant [4, 11, 45]. This property was chosen as a criterion to
validate using the Y-channel design with the current-monitoring technique. The 1XTBE
buffer was chosen for these experiments and the experiments were performed with dif-
ferent Y-channel designs for PDMS/glass chips. Table 4.4 presents the results of each
individual experiment.

Table 4.3: The effect of changing the channel dimensions on the zeta potential for 1X
TBE buffer and PDMS/glass chip.

Solution Chip format Master Name Zeta potential
ζ (mV)

1X TBE PDMS/glass Y-100-2 -48.01 ± 3.77 %
1X TBE PDMS/glass Y-200-1 - 49.90 ± 2.65 %
1X TBE PDMS/glass Y-200-3 -48.91 ± 3.76 %
1X TBE PDMS/glass Y-500-2 -51.48 ± 1.78 %
1X TBE PDMS/glass Y-500-3 -48.16 ± 3.76 %

As presented in table 4.4, the zeta potential value for 1X TBE buffer was not affected
by the channel dimensions for different Y-channel designs. Differences in the zeta poten-
tial were within the uncertainty of the experimental measurements, as briefly discussed
in Appendix C. This validates the consistency of finding the the zeta potential with the
Y-channel design.

4.4.2 Effects of Changing the Solution Concentration on the Zeta
Potential

It is known that the solution concentration directly affects the zeta potential value where
the higher the concentration the lower the zeta potential [11, 44, 45]. This is due to
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the fact that with higher concentrations more ions are available to counteract the surface
charge and reduce the thickness of EDL, as discussed in chapter 2. Three different con-
centrations of KCl were chosen to examine the effects of changing solution concentration
on the zeta potential with the Y-channel design. Figure 4.12 presents the results of the
current experiments for the KCl concentrations with the Y-channel design.
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Figure 4.12: Solution concentration effect on the zeta potential.

It is clear from figure 4.12, that the zeta potential decreases as the solution concen-
tration increases. This reduction in the zeta potential vlaue could be approximated with
a logarithmic relation, which was similar to trends of the zeta potential with solution
concentration reported by researchers in the literature [11, 44, 45], thus validating this
finding from the Y-channel design.

4.4.3 Comparing to Results in the Literature

The most important criterion that validates the use of the Y-channel design in studying
the electrostatic properties of microchannels is to compare the results from the Y-channel
design with the results of straight channel design reported in the literature. Finding re-
sults in the literature presented difficulties, since most of the published results of identical
solutions were hard to find, especially when the results lack the information of solution
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properties. Moreover the channel manufacturing technique, the accuracy of the experi-
mental setup, and plasma treatment protocol are several reasons that can cause disagree-
ment. The most important factor that affects the results is the plasma treatment protocol
and the waiting period prior to performing the current-monitoring experiments.

Table 4.4 presents a comparison of zeta potential values for straight channel designs
with the current-monitoring technique found in the literature and Y-channel design. The
total length calculation method, equation 4.3 is used in the results comparison process.

Table 4.4: The zeta potential values for different solutions for the Y-channel and straight
channel results found in the literature. (∗) is from experiments performed in the lab with
a straight channel design.

Zeta potential, Zeta potential,
Solution Channel format ζ(mV ) ζ(mV )

Straight Channel Y-Channel
50 mM

P/G -59.12(∗) -56.79
NaHCO3/Na2CO3

1 mM KCl P/G -88.32 [52] -83.64± 6.54 %
P/P 77.80 [58] -82.65 ± 7.10 %

10 mM KCl P/G -54.84 [52] -56.10 ± 7.46 %
P/P -37.57 [52] -52.39 ± 5.11 %

1X TE P/G -68.13 [52] -66.09 ± 5.67 %
1X TBE P/G -48.05 [52] -44.01± 3.77 %

From table 4.4, it is clear that the zeta potential results from the Y-channel design
were in good agreement with zeta potential values found in the literature. The small
discrepancies between the results were within the uncertainty of the measurements.

4.5 Conclusions

In this chapter a new Y-channel design was presented and validated for studying the
electrostatic properties of microchannels with the current-monitoring technique. Errors
from the solution electrolysis and undesired pressure driven flow were discussed and
extensively reduced.
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As presented through this chapter, the Y-channel design has several advantages over
the conventional straight channel with the current-monitoring technique. First, the time
effectiveness in performing the experiments with the Y-channel design was better com-
pared to the straight channel design, since the solution replacements could be alternated
without the need to remove the solutions from the reservoirs. Also the current-time plots
from the Y-channel design showed sharp trends which made it easier and more accu-
rate to distinguish the important points during solution replacement from the current-
monitoring technique.

Current-monitoring results from the Y-channel design were validated with several
criteria and it was proven to be consistent. This justifies using the Y-channel to study the
electrostatic properties of microchannels.
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Chapter 5

Applications of the Y-channel Design in
Different Electroosmotic Studies

In the previous chapter the Y-channel design was applied for analyzing the electrostatic
properties of microchannels with the current-monitoring technique. This chapter is de-
voted for studying electroosmotic flow in PDMS based microchannels with the current-
monitoring technique. At first, a new analysis approach for interpolating the outcomes
of the current-monitoring technique will be presented. This new method is called the
current-slope method which has several advantages over the traditional slope method.
Afterwards, different parametric studies on electroosmotic flow in PDMS based mi-
crochannels will be further examined. Studies will be sequenced as follows: first, the
zeta potential values of different biological buffers that have not been previously re-
ported will be found. Second, the effects of the chip substrate material on the average
zeta potential of the PDMS based microchannels will be presented. Third, temperature
effects on zeta potential will also be examined. Finally,to analyze the phenomena of the
surface conductance during electroosmotic flow in micorchannels.

5.1 Current-Slope Method

In the previous work, which used the current-monitoring technique and a straight channel
design for zeta potential measurements, locating the start and end of a solution displace-
ment was a significant source of error. As discussed in chapter 4, the zeta potential is
found after estimating the average velocity in the microchannel during electroosmotic
pumping with equation 5.1:

64



uav =
Lchannel

4t
(5.1)

where Lchannel is the channel length in which the solution displacement occurs, and
4t is the time needed for the displacement. The zeta potential is found from the H-S
equation 2.21 by using the calculated average velocity. Thus, if the value of 4t could
not be accurately found, the calculated average velocity will not represent the actual
electroosmotic pumping in the microchannel. This cases an error that propagates to
the calculation of the zeta potential. The inability to accurately determine the start and
end times of the solution displacement is due to the fact that the current trend is not
sharp and there is a gradual current change. This gradual current change is due to the
presence of a solution dispersion region (see figure 4.10 a). In some cases, small current
fluctuations and gradual transitions due to diffusive mixing of the two solutions at the
interface causes difficulties in determining the start and end of the displacement process.
To address this problem, Ren et al. [48] developed an alternative analysis technique
where the zeta potential is determined from the slope of the current-time plot. The slope
analysis approach is performed by finding the slope for a linear region of the current-
time plot, which represents the actual linear difference of the pumping process between
the two different solutions. This approach reduces the errors associated with locating the
start and end of the solution replacement.

The major assumption for slope approach proposed by Ren et al. [48] is that the
solution conductivity in pumping process is similar to the bulk conductivity at the reser-
voirs, thus representing the actual current during electroosmotic pumping [48]. Also, the
solution conductivity difference will be similar to the current difference during the exper-
iment. The analysis of the slope method neglects the effects of the surface conductance
and the surface current during electroomostic pumping. The slope analysis is found by
[48]:

µemo =
slope · Lchannel

E2 · (4λb · Ac)
(5.2)

where µemo is the electroosmotic mobility, slope is the slope of the current-time plot
(A/s), Lchannel is the total channel length, 4λb is the difference in the conductivities
between the solutions, Ac is the cross sectional area of the microchannel.

The major issue with the slope approach presented by Ren et al. [48] is that the so-
lution conductivity value is taken to be identical as the bulk conductivity measurement.
The assumption of constant conductivity value has several issues. First, the solution
conductivity varies rapidly with the change of temperature (∼ 2%oC)1 , and the actual

1This conductivity change with temperature was obtained by experiments performed in the lab on the
solutions used in the current-monitoring experiments. The relation may differ for other solutions.
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temperature inside the microchannel could not be accurately measured nor could the
solution conductivity. Hence, there is some ambiguity in the real time solution conduc-
tivity. Other means of measuring the conductivity inside the microchannel could be done
by planting conductivity electrodes downstream of the microchannel [94], which is hard
and may affect the electroosmotic flow. Second, the analysis ignored the changes in the
surface conductance phenomena due to solution changes.

Another major issue with the present experimental setup is that the accuracy of the
conductivity measurements with the conductivity electrode was in the range of 0.5 -
2 %, and the solution conductivity difference is within 5 % . Thus the uncertainty in
calculating the conductivity difference is fairly high (4λb has an uncertainty of 39 % for
an electrode with 1 % accuracy).

Also, in the preliminary current-monitoring experiments two unexpected outcomes
were observed that showed disadvantages of using the slope method. First, the slope
method was not in good agreement with the total length method in finding the average
velocity in microchannels. Second, the conductivity ratio was not similar to the current
ratio (λb1/λb2 6= I1/I2), where the current ratio was higher than the conductivity ratio.
These issues motivated the search for an improved slope approach to find the velocity,
especially for the case where the start and end of the replacement was not clearly identi-
fied.

To reduce the effects of errors associated with the conductivity measurement, the ac-
tual current values measured at the plateaus of the current-time plot were used instead
of the solution conductivity difference. By using this approach errors from the bulk con-
ductivity measurement and any changes in surface current were eliminated. In addition,
measuring the current is at least an order of magnitude more accurate than measuring the
solution conductivity. The proposed current-slope analysis is presented as:

µemo =
slope · (Ld + Lside)

E · (I2 − I1)
(5.3)

where I1 and I2 were the steady state currents before and after the solution replacement.
Figure 5.1 presents a typical current-time outcome from a Y-channel design with the
current-monitoring technique. Also, the important regions of the solution displacement
during the current-monitoring experiment are highlighted in figure 5.1.
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Figure 5.1: A typical outcome of the current-monitoring experiment with the Y-channel
design.

5.2 Zeta Potential Results for Different Biological Buffers

Introducing new solutions in microfluidic applications is a common practice. Thus, the
knowledge of the zeta potential for these solutions is important if electroosmotic flow is
used as a pumping method.

In this work different biological buffers commonly used for numerous applications
[19, 91, 95] were studied with the current-monitoring technique and the Y-channel deign.
The procedure of performing current-monitoring experiments with the Y-channel design
was discussed in chapter 4. For each tested solution, different Y-channel designs were
used with different channel dimensions. The average results of all the experiments are
presented in figure 5.2. At least 35 measurements were performed for each solution,
except the 1XPBS, 1XTE, 25 mM Tris-HCl, and the L-15ex where 20 measurements
were performed.

67



-115.00

-95.00

-75.00

-55.00

-35.00

-15.00

1
X

 TA
E

, P
/G

1
X

 TA
E

, P
/P

1
X

 T
B

E
, P

/G

1
X

 T
B

E
, P

/P

1
X

 M
O

P
S

, P
/G

1
X

 M
O

P
S

, P
/P

1
X

 H
E

P
E

S
, P

/G

1
X

 H
E

P
E

S
, P

/P

1
X

 P
B

S
, P

/G

1
X

 P
B

S
, P

/P

1
X

 T
E

, P
/G

2
5

 m
M

 Tris-H
C

l, P
/P

2
5

 m
M

 Tris-H
C

l, P
/G

L-1
5

e
x

, P
/P

5
0

 %
 L-1

5
e

x
, P

/P
Z

e
ta

 P
o

te
n

ti
a

l (
m

V
)

Current Slope Total length

method method

Figure 5.2: The Zeta Potential of different biological buffers.

Figure 5.2 indicates that the modified current-slope method is in good agreement
with the total length method, this validates using the modified current-slope method for
analyzing the outcomes of the current-monitoring technique. This comparison between
the two methods is accurately achieved with the Y-channel design since the current-time
plot is sharp and linear, and the start and end of replacement were clearly identified
in most of the experiments, as observed in figure 5.1. From the results presented in
figure 5.2 it was observed the HEPES buffer, which is a Good’s buffer [88], showed
the largest zeta potential compared to all other buffers ∼ -95 mV. It was observed while
performing current-monitoring experiments that the 1X TBE buffer showed the highest
resistance to electrolysis during electroosmotic pumping.

5.3 Effect of Changing the Chip Substrate Material

For hybrid microchannels made of different materials it was reported in the literature that
each portion of the channel contributes to the overall zeta potential of the microchannel
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[96]. This overall zeta potential, for a hybrid microchannel, is calculated with a weighted
average approximation [96]. In PDMS based microchannels, glass slides and PDMS are
the most commonly used substrates. Therefore, for a hybrid PDMS microchannel, i.e.
PDMS/glass, it is a reasonable conclusion that the average zeta potential of this hybrid
channel is a weighted average of both portions of channel wall [96]. This trend was ob-
served in the literature when using hybrid PDMS microchannels where the PDMS/glass
microchannels has a higher zeta potential compared to the PDMS/PDMS [52].

In a typical hybrid PDMS/glass Y-channel design used in the current-monitoring ex-
periments the glass portion of the microchannel was about 50% of the channel, as shown
in figure 5.3. It was expected that this high portion of glass will contribute to the overall
zeta potential of the microchannel giving the PDMS/glass a higher zeta potential value
compared to the PDMS/PDMS.
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Figure 5.3: Schematic of a hybrid microchannel.

From the zeta potential results shown in figure 5.2, the average zeta potential of
the PDMS/PDMS and PDMS/glass for any tested solution gave similar values, if not
identical. Small differences in the zeta potential values between the PDMS/PDMS and
PDMS/glass lie within the uncertainty of the measurements, as shown by the error bars.
This does not conflict the above discussion about the weighted average calculation of the
zeta potential, but gives more insight into the dosage of plasma treatment for PDMS mi-
crochannels. As a conclusion from figure 5.2, the plasma treatment dosage was capable
of creating artificial silanol, SiOH , groups on the surface of PDMS with concentrations
similar to SiO− concentration on the surface of glass. In other words the surface charge
of the air plasma treated PDMS is similar to the surface charge of the glass. This finding
of the close values for the zeta potential in plasma treated PDMS/glass and PDMS/PDMS
microchannels was observed by other researchers working with electroosmotic [49].

This finding motivated further examination for other PDMS microchannel substrate
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material. SU8 photo resist, which was used to manufacture the channel profiles on silicon
wafers, has been recently used to fabricate microchannels [50]. The SU8-microchannels
showed an electroosmotic mobility higher than other polymeric microchannels [50]. For
this reason, SU8 was used as a substrate for PDMS microchannels in order to observe
the effects on the zeta potential of microchannel. SU8 was coated on microscope glass
slides with different thicknesses similar to the procedure for making the adhesion layer
on the silicon wafer, as presented in chapter 3. The glass slides coated with SU8 were
bonded to PDMS microchannels with the aid of plasma treatment, similar to the protocol
used in bonding the Y-channel chips. Results of the zeta potentials for PDMS/SU8 chips
are presented in table 5.1.

Table 5.1: Results of PDMS/SU8 microchannels with different solutions and different
Y-channel designs.

Design used Solution Chip Type Zeta potential
(Substrate thickness) (mV)

Y-100-2L Tris-HCl (25 mM) PDMS/SU8 (5 µm) -49.65 ± 3.00 %
Y-100-2 M Tris-HCl (25 mM) PDMS/SU8 (1 µm) -54.13 ± 3.21 %
Y-100-2 M 1X TBE PDMS/SU8 (5 µm) -46.80 ± 2.92 %
Y-500-2 M 1X TBE PDMS/SU8 (5 µm) -45.50 ± 2.36 %

From the results presented in table 5.1 and by comparing them to the results presented
in figure 5.2 it is observed that the zeta potential for microchannels with SU8 as a sub-
strate is similar to the zeta potential of PDMS/PDMS and PDMS/glass microchannels.
As a final conclusion for plasma treated PDMS based microchannels with glass, PDMS
or SU8 substrates, the overall zeta potential of the channel is similar, and the weighted
average analysis for the zeta potential is not applicable.

5.4 Temperature Effects on the Zeta Potential

It is known that the temperature changes during electroosmotic pumping affect the ve-
locity inside the microchannel, since it affects solution properties (the viscosity and the
dielectric constant). Moreover, it has been recently found that the zeta potential is also
temperature dependent for certain solutions with different relations [52]. Venditti et
al. [52] used the current-monitoring technique to investigate the effect of temperature
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changes on the zeta potential and it was found that for some solutions showed a strong
temperature dependence of the zeta potential, such as 10 mM KCl, and 1X TBE. The
zeta potential of other solutions was not affected with temperature changes, such as 1
mM KCl and 1XTAE. The major problem in their approach was that the solution con-
centration changes during the experiments were not prevented. Therefore, results may
not represent the actual solution conditions at the start of the experiment. Also, for some
solutions the pH is a temperature dependent property. To properly examine tempera-
ture effects on the zeta potential, the solution pH must remain constant with respect to
temperature.

Considering the problems associated with the experimental setup and approach pre-
sented by Venditti et al. [52] to examine the temperature effect on the zeta potential,
improvements on the current-monitoring experimental setup has been done. First, to as-
sure uniform temperature distribution the chip holder with the chip were put into a UV
incubator with controllable temperature. The incubator uses heat convection as the heat
transfer mechanism for changing and controlling the temperature inside the chamber. In
a typical experiment the chip was left for 45 minutes at a certain temperature before per-
forming current-monitoring experiments to assure uniform temperature conditions in the
chip and at the reservoirs. This was also confirmed by measuring the solution tempera-
tures at the reservoirs with a thermocouple.

To prevent the changes in the solution concentration at the reservoirs during the ex-
periment, a layer of mineral oil was placed over the top of the solutions at the reservoirs
as shown in figure 5.4. This layer of mineral oil will prevent the solution evaporation at
the reservoirs during the experiment.
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Figure 5.4: A schematic for the approach used to study the temperature affect on the zeta
potential. Mineral oil was used to prevent solution evaporation from the reservoirs.

In the analysis of the experimental outcomes, the viscosity and dielectric constant
were corrected to be temperature dependent. The solutions were assumed to have prop-
erties identical to those of water, since they were water based solutions. The correction
of the viscosity and dielectric constant was done following [52]:

εr = 305.7 · exp

(
−T
219

)
(5.4)

µ = 2.761× 10−6 · exp

(
1, 713

T

)
(5.5)

where εr is the relative permittivity of the solution, µ is the solution viscosity, and T is the
absolute solution temperature. This correction was incorporated in the Matlab analysis
algorithm. Table 5.2 presents the effects of the temperature effects on the zeta potential
for different solutions.
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Table 5.2: Temperature effects on the zeta potential for different solutions.

Solution Chip Type Temperature Zeta potential
( oC) (mV)

1X TBE PDMS/glass 30 -26.12 ± 1.4%
PDMS/glass 50 -33.52 ± 2.4 %

L15ex 10%FBS PDMS/glass 24.3 -10.2 ± 0.65 %
PDMS/glass 45 -14 ± 0.91 %

From table 5.2, it can be noticed that the zeta potential of the 1X TBE and the
L15ex 10%FBS have increased with the temperature, hence improving the electroos-
motic pumping in the microchannel. This tendency was also observed by Venditte et
al. [52] for some solutions, as discussed earlier. Thus, improving the electroosmotic
pumping of solutions can be archived with increasing the temperature [52].

5.5 Surface Conductance

In previous current-monitoring work with microchannels, the surface conductance was
mostly ignored, since it was assumed that the surface conductance will not change with
the solution replacement in the microchannels [47, 48, 49, 52]. Also, it was assumed that
the surface current is negligible compared to the current carried from the bulk solution
conductivity [47, 48, 49, 52]. In the present work, the surface current was found to be 10
∼ 15 % of the total current. Thus, the surface conductance could not be neglected.

As presented in chapter 2, the surface conductance is the phenomenon related to the
current flow within the EDL, making it a function of factors that affect the EDL thick-
ness, such as solution concentration and wall surface charge density. Thus, accurate
measurement of surface conductance is important to have full characterization of elec-
troosmotic pumping in microchannels. The streaming potential technique is the most
adopted method for finding the surface conductance of different materials [4, 11, 26].
Recently, the current-monitoring method was used to find the surface conductance [42].
The results show that it was affected by the channel dimensions [42].

For steady electroosmotic pumping of one solution in a microchannel, the electrical
current draw has two main components which are the current from the bulk solution
conductivity and the current carried within the EDL [11]. Equation 5.6 represents both
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components of the electrical current during electroosmotic pumping:

Itotal = Ibulk cond + Isurf cond = λb · Ac · E + λs · P · E (5.6)

where λb (S/m) is the solution bulk conductivity,Ac (m2) is the cross sectional area of the
microchannel, λs (S) is the surface conductance, P (m) is the perimeter, and E (V/m) is
the applied electrical field. By knowing the bulk conductivity of the solution the surface
conductance was found from equation 5.7 :

λs =
Imeasured

P · E
− λb · Ac

P
(5.7)

where Imeasured is the steady recorded current of the electroosmotic flow for a solution
in the microchannel. In the present work, the surface conductance was found with the
current-monitoring experimental setup and with adding a high accuracy Pico-Ammeter
(Keithley 6485) for high precision electrical current measurement.

The effects of two main parameters the electric field and the channel substrate ma-
terial on the surface conductance were examined in this work. The experiments were
performed by pumping one solution and monitoring the current, similar to the channel
symmetry validation process (chapter 4).

A typical result of the effect of changing the electric field on the surface conductance
is presented in figure 5.5 for 1X TAE solution in a PDMS/PDMS microchannel.
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Figure 5.5: The effect of changing the electric field on the surface conductance for 1X
TAE in a PDMS/PDMS microchannel.
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As presented in the figure 5.5, it is observed that the surface conductance has small
variations with changing the applied electrical field. At most of the applied electric
fields, the fluctuations in the surface conductance are within the uncertainty of the surface
conductance measurement. This trend, the small changes in the surface conductance,
was observed in a number of experiments used to find the surface conductance. Thus,
the surface conductance of microchannels will not change with applied electric field,
which was also observed in the literature [42].

It was observed that the experimental uncertainties associated with calculating the
surface conductance from the steady current values are high compared to other electro-
static properties found with the current-monitoring technique, such as the zeta potential.
This is due to the nature of the surface conductance calculation (equation 5.7) where
the equation used for finding the surface conductance has a subtraction operation. The
propagation of uncertainty for parameters found from the subtraction operation has the
highest uncertainty compared to other mathematical operations [93]. Unfortunately, this
is the only equation that can be used for finding the surface conductance from steady
electroosmotic pumping [11, 42].

Another observation, which had a big influence on the calculation of surface con-
ductance, was the effect of the solution conductivity changes on the surface conductance
results. During electroosmotic pumping the solution conductivity could change because
of the temperature change or solution electrolysis. Hence, the conductivity value used
in the analysis could be misleading in calculating the surface conductance. In a typical
electroosmotic pumping experiment electrolysis might change the conductivity by about
2%, especially in the case of using electrolytes.

Figure 5.6 presents the changes in the calculated surface conductance when chang-
ing the solution bulk conductivity for a 10 mM KCl in a PDMS/PDMS microchannel.
The experiment was performed in 7 min and the solution electrical conductivity at the
reservoirs changed from 1301 µS/cm at the start of the experiment to 1315 µS/cm at
the end 2. The change in solution conductivity ( ≈1 % ), caused a change of 15 % in the
calculated surface conductance for each applied electric field.

2In figure 5.6 the electric field is chosen as the x-axis to be consistent with the previous figure 5.5. The
change in the applied electric field ( 20 kV/m - 40 kV/m ) also correspond to an increase in time, where at
the start of the experiments the electric field was and 20 kV/m it was increased with time until reaching 40
kV/m after 6 min.
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Figure 5.6: Effects of changing the solution conductivity value on the calculated surface
conductance vs. electric field.

The reason for this change in the surface conductance with respect to the solution con-
ductivity value (observed in figure 5.6) , is that any minute change of the solution con-
ductivity during electroosmotic pumping will affect both terms of equation 5.7, hence
affecting the calculated surface conductance. For the first term, the recorded current will
change according to the change of solution conductivity, which leads to over estima-
tion of the surface conductance with increasing the time, as clearly shown in blue bars
of figure 5.6. The second term of equation 5.7 suffers more from solution conductivity
changes since the conductivity term appears directly. The contribution of the second term
is higher than the first term in changing the results of the surface conductance. Thus, if
using the value of the solution conductivity at the start of the experiment it will lead to an
overestimation of the surface conductance. By performing simple comparison between
the surface conductance calculated with the solution conductivity at the start of the ex-
periment (blue bar figure 5.6) at 20 kV/m and surface conductance calculated at 40 kV/m
calculated with the solution conductivity at the end of the experiment (red bar figure 5.6),
both these results are close.

In order to reduce the effects of solution conductivity changes on the surface conduc-
tance several measures were taken. First the time for performing the experiments was
shortened in order to reduce the electrolysis effects. Second, the temperature of the solu-
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tion at the reservoirs were maintained constant with the aid of a fan, but with no assurance
of maintaining constant temperature inside the channel. In addition to be consistent in
the analysis, surface conductance calculations were performed using the conductivity at
the end of the experiment since it was the closest value to the actual value of the pumped
solution. The average results of the surface conductance analysis for different solutions
and different channel formats are presented in figure 5.7.
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Figure 5.7: Surface conductance of different solutions for P-P (PDMS/PDMS) and P-
G (PDMS/glass) microchannels. (Each surface conductance value is an average of 20
measurements, and error bars represent the standard deviation of the results).

From figure 5.7, it is clear that the average surface conductance differs for different
solutions. These differences are associated with the differences of the EDL properties
among different solutions. The surface conductance from the 10 mM KCl is higher than
the surface conductance of the 1 mM KCl. This is due to the fact that the 10 mM KCl
has more ions within the EDL which will carry more current ( 2) [11].

Another unexpected finding is that channel substrate has an effect on the calculated
surface conductance in microchannels with electroosmotic pumping. Form figure 5.7 it
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is observed that the PDMS/glass microchannels gave higher surface conductance com-
pared to the PDMS/PDMS microchannels. The glass portion of the microchannel was
around 50% of the surface area of the microchannel. The high surface conductance of
PDMS/glass compared to PDMS/PDMS microchannels leads to the speculation that the
current carried within the EDL of the glass portion is higher than the current carried
in the EDL of the plasma treated PDMS. Also, this indicates that the EDL of the glass
portion differs from EDL of the PDMS portion. On the other hand, the overall zeta po-
tential of the microchannels is not affected by such material changes, as seen previously
in figure 5.2. There is no clear explanation for these contradicting findings and more
investigation is recommended with other techniques, such as the streaming potential.

5.6 Conclusions

This chapter covered several studies of electroosmotic pumping in PDMS microchannels
using the current-monitoring technique. A modified current-slope approach to analyze
the current-monitoring outcomes was presented and validated.

The zeta potential of different biological buffers was found in PDMS based mi-
crochannels with the Y-channel design. The effect of the chip substrate on the average
zeta potential was examined. It was found that for PDMS based microchannels with air
plasma treatment, the type of channel substrate does not have an affect on the average
zeta potential of the microchannel.

The temperature effect on the zeta potential was examined with a modified approach,
compared to the work presented by Venditti et al. [52]. Results for the tested solutions
show that the zeta potential, was affected by temperature change and will increase with
an increase of temperature. The surface conductance of the PDMS based microchannels
were studied with the current-monitoring technique. It was found that the surface current
(the current carried within the EDL) during electroosmotic pumping was around 10 ∼
15 % of the total current draw, thus the surface conductance could not be neglected.
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Chapter 6

PDMS Surface Treatment

PDMS (polydimethylsilicone) is widely used for manufacturing microfluidic chips be-
cause of its favorable properties, as previously discussed in chapter 2. But in the case
of using electrokinetic driven flow, PDMS has poor electrostatic properties compared
to glass and silica microchannels. Moreover PDMS is hydrophobic in nature. Hence,
improving the PDMS properties by the means of different treatments is very desirable,
and as such has received great interest for microfluidic applications. One popular and
yet simple treatment is the plasma treatment. Plasma treatment is a one step procedure
that alters the surface properties of PDMS to a hydrophilic state and increasing the zeta
potential. Unfortunately plasma treatment in not long-lasting and the PDMS regains its
hydrophobic properties with time due to the diffusion of the non cured low molecular
weight PDMS (LMW) from the bulk material to the treated surface. Different treat-
ments have been carried out and examined by researchers to modify and preserve the
hydrophilic properties of the PDMS such as the incorporation of a prepolymer additive,
reducing the diffusion of the LMW, and grafting monomers with preferred properties
[70, 71, 73, 74, 75].

In this chapter several protocols for treating PDMS were chosen. The treatments that
were analyzed were the prepolymer doping of PDMS with acrylic acid (AA), extraction
of the PDMS and different HEMA grafting protocols. The aim of these treatments was
to improve the electrostatic properties (the zeta potential), and enhance the stability of
the hydrophilic state of the plasma treated PDMS. The treatments were chosen according
to two main criteria: their claimed results from the literature, and their applicability to
the microfluidics lab for PDMS microchannels. Unlike other studies [70, 71, 73, 74, 75],
where a maximum of two methods were used to examine the effects of PDMS treat-
ments, this study used four methods to examine the PDMS treatment protocols. The
main protocols employed for the analysis of the PDMS treated samples included the
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current-monitoring technique, static contact angle measurements, dry storage analysis,
and ATR-FTIR. The first step required the current-monitoring and dry storage experi-
ments to be performed for all the treatment protocols. The second stage was contact
angle measurements for each protocol. Finally, the ATR-FTIR technique was used to
find the effective chemical groups responsible for the observed improvements.

6.1 Sample Preparation

The samples that were tested are in two formats: microchannel format and non-profiled
PDMS slabs. The preparation of the microchannels is done according to the procedure
detailed in Appendix B, section B.2. The non-profiled PDMS slabs were manufactured
using the following procedure. Briefly, the PDMS base elastomer and curing agent were
mixed in a 10:1 ratio and the mixture was degassed for 30 minutes. The mixture was
poured onto a flat silicon wafer and degassed for a further 25 minutes. The mixture
was cured over a hotplate at 150 oC for 20 minutes. Cured samples were cleaned with
acetone and dried in a vacuum oven at 40oC and -25 psi for 2 hrs. All PDMS samples
were plasma treated for 40 s using a power setting of 29.6 W.

The samples that were manufactured in the channel format were tested using the
current-monitoring technique and dry storage analysis, and the non profiled samples were
tested using contact angle and the ATR-FTIR analysis. The procedures used for the
sample preparation of each chemical treatment will be presented next.

6.1.1 Prepolymer Additive

Acrylic acid (AA) is a simple carboxylic acid with a double bond. It was reported by
Luo et al. [78] that doping the PDMS with AA gives an improvement to electroomostic
mobility of PDMS microchannels [78]. The procedure of treating PDMS required the
addition of AA to the PDMS mixture, base and curing agent, before the curing process.
Two AA weight percentages were tested, which were 0.5 % and 1 % of AA to the weight
of PDMS. The curing process of the PDMS mixture was carried out using the same
procedure as presented previously in Appendix B (section B.2). Prior to bonding the
chip to the substrate the channel and the substrate, for the specimens to be tested with
the current-monitoring technique, were plasma treated. The channels were left for two
days prior to performing the current-monitoring tests.
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6.1.2 PDMS Extraction Process

In the PDMS extraction process, the procedure was carried out in a similar way to the
protocol presented by Vickers et al. [71], which requires PDMS samples to be put into
three chemical baths for 2 hrs respectively. First, the PDMS samples were put in a
triethylamine bath at room temperature for 2 hrs. During this stage the PDMS swelled
and changed its shape and size. Secondly, the samples were put into an ethyl acetate bath
for 2 hrs at room temperature. Finally the samples were left in an acetone bath for 2 hrs
at room temperature. After the acetone bath, the PDMS returned to its original shape.
The samples were then dried in the oven at 60 C for 4 hrs. It was noted that after the
extraction the PDMS samples showed a decrease of around 3 % in weight compared to
the initial weight. This reduction in the weight indicated that the concentration of the
LMW PDMS reduced during the treatment.

6.1.3 HEMA Grafting

HEMA (2-hydroxyethyl methacrylate) with a purity of 98% was purchased from Sigma
Aldrich. HEMA was chosen since it has stable OH groups in its structure. If it is
successfully grafted the OH groups will remain on the surface of the PDMS. There are
two main approaches to graft HEMA on PDMS including plasma induced grafting, and
heat induced grafting [73, 74, 82]. Details on both of these approaches will now be given.

Plasma Induced HEMA grafting

In the plasma induced grafting approach, the procedure was similar to the protocol pre-
sented by Bodas and Maklek [73, 74], but with the modification of a different plasma
treatment and different power. Bodas and Maklek [73, 74] used an oxygen plasma
treatment wherein this work used air plasma cleaner for the treatments. The treatment
methodology requires that first the PDMS samples and substrates, which were glass
slides coated with PDMS, were plasma treated for 100 s at a power of 29.6 W. The
plasma treatment was performed to create active locations on the surface of the PDMS
for which the HEMA could bond. Then a thin layer of HEMA was spun coated on the
plasma treated surfaces at 1600 rpm for 30 s. Afterwards, another stage of plasma treat-
ment was performed on the samples for 10 minutes. The reason for the large plasma
treatment times was to achieve the same power range of the treatment performed by Bo-
das and Maklek [73, 74]. After the final plasma treatment the PDMS was either bonded
to the substrate forming a microchannel chip, or left for the ATR-FTIR analysis.
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Heat Induced HEMA grafting

The process of the heat induced HEMA grafting was motivated by the work presented
by Choi and Yang [82]. The principle of the heat induced HEMA grafting was presented
in chapter 2 and figure 2.6. The main steps of the HEMA heat grafting principle are as
follows:

• Create active locations on the PDMS surface for the HEMA to be chemically at-
tached.

• Introduce the HEMA to the activated PDMS surface.

• Graft the HEMA with the aid of heat.

• Removing the residual HEMA which has not been grafted on the surface of the
PDMS.

The activation of the PDMS surface is done by changing the chemical structure of the
PDMS to have more reactive chemical groups. The surface of the PDMS was archived
with plasma treatment where the chemical Si − CH3 was broken to a more reactive
chemical group Si − OH . The first attempts for the heat induced HEMA grafting were
not successful and several heat grafting protocols were examined. The attempted proto-
cols are named as heat protocol 1, heat protocol 2, heat protocol 3, and heat protocol 4.
The integration of the treatments was done in several steps until achieving the final pro-
tocol. The main difference between the protocols was grafting the HEMA either after or
before bonding the chip. This was only for samples in channel format. Table 6.1 presents
summarizes the steps for the different heat induced HEMA grafting protocols.

The HEMA grafting attempts were carried out on cured PDMS. No prior pretreat-
ments were done to the PDMS samples, except for one approach where the PDMS sam-
ples were extracted before the HEMA polymerization protocol.

The heat bath process is important since it will aid the polymerization rate of HEMA
on the PDMS surface. There are two approaches for the thermal grafting which are
putting the samples in the oven at the desired degree, or putting the samples in a bath of
HEMA to assure the temperature uniformity around the chip.
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Table 6.1: The heat induced HEMA grafitng protocols. Sample type: 1 - profiled PDMS,
2 - PDMS substrate, 3 - microscope glass slide, and 4 - non-profiled PDMS slabs. (∗)

This step is for the samples that are tested with the current-monitoring and dry storage
analysis. DI water (deionized water).

Heat protocol
1

Heat protocol
2

Heat protocol
3

Heat protocol
4

Sample type 1 and 3 1 and 3 1, 2, 3 and 4 1, 2, 3 and 4

Pretreatment No
PDMS extrac-
tion

Surface activa-
tion

Air plasma
treatment 100
s 29.6 W

Air plasma treatment 40 s @ 29.6 W

Bonding to the
substrate (∗) Yes No

HEMA Infuse the HEMA Immerse the plasma

treating in the channel treated sample
in a HEMA bath

Heat grafting
protocol

40 oC for 4 hrs
in the oven

Immerse the
chip in a
HEMA bath
for 6 hrs at 60
oC

Immerse in a
HEMA bath
for 6 hrs at 55
oC

Immerse in a
HEMA bath
for 6 hrs at 55
oC

Removal of
the HEMA
Residual

Infuse DI
water at room
temp for 1 hrs

A DI water bath at 40 oC for 2 hrs

Drying 6 hrs at 45 oC in the oven

Plasma No Air plasma treatment

treatment 40 s 29.6 W

Bonding to the
substrate (∗) No Yes
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6.2 Experimental Methods

Several techniques were used to analyze the chemically treated PDMS samples. Fig-
ure 6.1 presents the flow chart of the characterization process of the surface treatments.
The analysis of the studied surface treatments required the employment of several meth-
ods. First, the current-monitoring experiments and dry storage analysis were performed
for all of the chemically treated PDMS microchannels. Afterwards, the treatments that
gave good results were tested using contact angle analysis (discussed in chapter 3, sec-
tion 3.3.4) to determine the nature of the surface properties of the treatments. Finally,
the ATR-FTIR analysis (discussed in chapter 3, section 3.3.3) was performed on the
successful treatments to define the chemical groups responsible for the improvements.

Perform chemical treatments for 

PDMS microchannels

Second step

Perform current monitoring experiments and dry storage 

analysis

Third step

Perform contact angle analysis for the successful 

treatments 

Final step

Perform ATR-FTIR measurements to find the chemical 

groups responsible  for the successful treatments

Figure 6.1: Flow chart for the characterization process of the surface treatments.

The current-monitoring experiments were performed with the Y-channel design us-
ing the same procedure as presented previously in chapters 4 and 5. The 1X TBE buffer
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was chosen as the main solution for the current-monitoring experiments, since it demon-
strated the greatest stability against electrolysis during the current-monitoring technique
and gave reproducible results.

The dry storage analysis were performed by bonding the microchannels and then dry
storing them for two days, unless otherwise specified, without filling them with water.
After the waiting period, water was introduced into the reservoirs to fill the channels by
capillary action; if the channel is hydrophilic, water will flow in the microchannel, but if
the PDMS channel regains its hydrophobic properties water will not flow.

The ATR-FTIR analysis were done with the approach presented in section 3.3.3. The
expected chemical groups for the PDMS and chemically treated samples are presented
in table 6.2.

Table 6.2: Infrared frequencies and the assigned chemical compounds [85]

Peak location, Chemical Group
wave number (cm−1) ( type of vibration)
3250 - 3400 −OH (stretch)
2850 - 2990 CH3 (antisym. and sym. stretching)
1250 - 1280 Si− CH3 (sym CH3 deformation)
1000 - 1100 Si−O − Si (antisym. stretching)
790 - 810 CH3 (plane swing)

6.3 Results and Discussion

6.3.1 Regular PDMS

The results of native and plasma treated PDMS were first obtained. This was done to give
a reference point for future comparison. Results of the current-monitoring experiments
are presented in chapter 4 and 5. It is known that native PDMS has a hydrophobic nature
with a contact angle greater than 90o , but with plasma treatment the surface becomes
hydrophilic. However, the plasma treated PDMS regains it natural hydrophobic state
with time in dry storage conditions. This phenomenon was examined with the contact
angle measurements and the change of the contact angle with time for plasma treated
PDMS is presented in figure 6.2.
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Figure 6.2: Contact angle change with time for plasma treated PDMS.

From figure 6.2, the plasma treatment changed the hydrophobic properties of the
PDMS to a hydrophilic state. This is clear since the contact angle for samples prepared
on the same day, the experiment on day 0, gave a contact angle around 40o. The plasma
treated PDMS regains its hydrophobic state with time as shown in figure 6.2, where the
contact angle increases as time passes by.

The results of the ATR-FTIR analysis of native and plasma treated PDMS are pre-
sented in figure 6.3. In this analysis, the same sample was tested with the ATR-FTIR
before and after the plasma treatment on the same day. From the transmittance spec-
tra presented in figure 6.3, the chemical compounds of the pure PDMS were identified
for both tested cases. The peaks numbered 1-4 in figure 6.3 correspond to the following
chemical groups: (1) CH3, (2) Si−O−Si, (3) Si−CH3, and (4) CH3. The region con-
fined between the two dashed lines is the region that indicates the presence of the OH−

groups. From examining figure 6.3, it is observed that the plasma treatment was not suc-
cessful in creating large concentrations ofOH− groups on the surface of the PDMS. This
implies that the plasma treatment did not alter the surface of the PDMS, and the surface
remained hydrophobic, since there were no peaks for the OH− groups. However, simple
contact angle observations of ultrapure water on the surface of the samples confirmed
that the surface was in fact hydrophilic. Moreover, the contact angle analysis of similar
plasma treated PDMS samples showed hydrophilic properties as shown in figure 6.2.

The plasma treatment dosage might have changed the surface chemistry of the PDMS
but at low concentrations that were not detectable with ATR-FTIR. As discussed in chap-
ter 3, the ATR-FTIR signal exceeds the surface of the sample and penetrates to the bulk
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material. For the silicon crystal used in the ATR accessory (MVP-SplitPea) and for
PDMS samples, the IR beam will penetrate the surface of the PDMS with 0.41 µm at the
region 3500 - 3000 cm−1, which is the region for the OH groups. Thus, the OH groups
can be present on the surface of the PDMS but with very low concentrations.

Researchers found that in order to obtain detectable OH− groups for plasma treated
PDMS using ATR-FTIR, long exposure periods must be used [70]. However, long ex-
posure times damage the surface of the PDMS, making it unsuitable for microchannel
fabrication since it will introduce undesirable surface roughness. In the case of electroos-
motic pumping, the surface roughness affects the uniformity of the applied electrical field
and the shape of the EDL; hence the use of the Helmholtz-Smoluchowski equation in es-
timating the zeta potential of the microchannel might not be appropriate.
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Figure 6.3: IR transmittance spectra of PDMS samples. (a) native PDMS, and (b) plasma
treated PDMS.

A quantitative estimation of the concentration of chemical compounds was done us-
ing Beer’s law (equation A.6), which relates the concentration of the chemical compound
in the sample with the absorbed infrared beam, as discussed in Appendix A. By using
the area ratio of the peaks at 1265/1030 (CH3 and SiO2), the analysis showed that the
plasma treated PDMS specimen had an increase in the concentration of the SiO2 with
around 3 % compared to the non-plasma treated PDMS. This increase in the SiO2 groups
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indicates that the plasma treatment was capable of altering the properties of the PDMS
but very small concentration.

6.3.2 Prepolymer Additive

PDMS doped with AA gave unfamiliar results. After the addition of AA, the PDMS
became less transparent. Also, the PDMS became spongy where it was observed by hand
and eye examinations. For both of the concentrations used, the PDMS doped with 1% of
AA showed the largest change compared to the 0.5% level. The surface properties of the
AA doped PDMS were found to be hydrophobic by means of contact angle observations.

The plasma treatment was performed for a duration of 40 s, similar to the protocol
used for bonding channels. For PDMS doped with 1 % AA, it was hard to bond the chan-
nel to the substrate after the plasma treatment, and deformations in the channel geometry
were observed. Figure 6.4 presents the Y-intersection for PDMS doped with 1% and 0.5
% AA on the basis of PDMS mixture weight. These deformations, clearly shown in fig-
ure 6.3 (a) are for the sample doped with 1% AA. Moreover, the PDMS microchannels
doped with 1 % AA collapse after plasma treatment and bonding to the substrate, and
therefore attempts of the current-monitoring experiments were unsuccessful. For these
reasons, the PDMS treatment with 1 % AA was abandoned.

PDMS doped with 0.5 % AA was easier to bond and showed a more uniform cross
section. The results of the current-monitoring experiments showed that the doping did
not improve the zeta potential of microchannels. The zeta potential was found to be -47
mV for 1X TBE buffer and -41 mV for 10 mM KCl, which was close to the values of
the non AA doped PDMS. This result does not contradict the findings of Luo et al. [78]
since in their work they did not perform plasma treatment to the PDMS microchannels.

 

Figure 6.4: Y-intersection of PDMS microchannels predoped with AA, (a) predoped with
1% AA, and (b) predoped with 0.5% AA.
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ATR-FTIR analysis was performed on AA doped PDMS with and without plasma
treatment. Samples for the ATR-FTIR analysis were prepared in the same way as pre-
sented in the sample preparation. The reason for this analysis was to determine if adding
the AA will improve the plasma treatment of PDMS and increase the presence of OH
groups after the plasma treatment. The results are presented in the figure 6.5.
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Figure 6.5: IR transmittance spectra of the different predoped PDMS samples. (a) PDMS
doped with 0.5 % AA, (b) plasma treated PDMS doped with 0.5 % AA, (c) PDMS doped
with 1 % AA, and (d) plasma treated PDMS doped with 1 % AA.

As shown in figure 6.5, the prepolymer additive with and without the plasma treat-
ment did not change the surface properties or the chemical structure of the PDMS. The
same peak locations of the native PDMS (figure 6.3) are present in figure 6.5 with no
new peaks for other chemical groups. For the PDMS doped with 0.5 % AA ( 6.5 a &
b) the plasma treatment did not change the overall chemical structure of PDMS nor were
the presence of the OH group. Similar conclusion is reached for the PDMS doped with
1% AA (figure 6.5 c & d ).

6.3.3 PDMS Extraction

Motivated by the finding of Vickers et al. [71] in which the electroosmotic mobility
of the microchannels was improved after the extraction process, the current-monitoring
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experiments were performed with the Y-channel extracted PDMS. The results showed
that the average zeta potential of the extracted and plasma treated PDMS was -47 mV
for 1X TBE buffer, which is close to the native (non extracted) PDMS. This finding
does not contradict the work presented by Vickers et al. [71] since their work compared
native PDMS with extracted PDMS. While they published results of plasma treated and
extracted PDMS, the work did not include any results of the plasma treated PDMS.

The dry storage analysis of the plasma treated and extracted PDMS samples showed
that the channels preserve their hydrophilic nature even after three days of dry storage.

The change of the contact angle with time for the plasma treated and extracted PDMS
is presented in figure 6.6. The extracted PDMS gave stable hydrophilic properties with
time since the contact angle was lower than 90o, as observed in figure 6.6. This trend
supports the findings of the dry storage analysis. The slight variability in the contact
angle measurements with time, especially between day 1 and day 3, has several expla-
nations. The time effects must studied on the same plasma treated PDMS sample. How-
ever, in this work the time effect was examined by making a batch of extracted PDMS
samples and performing the plasma treatment on different days. Hence, the effects of
the uncontrollable differences between the plasma treatments may vary slightly between
samples. Unfortunately, the accessibility of the contact angle measurement system could
not be guaranteed. Secondly, other sources of errors between measurements were not
controlled, such as the cleanness of the PDMS surfaces, the presence of impurities, the
asymmetry of the water droplet, and the temperature.
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Figure 6.6: Contact angle change with time for plasma treated extracted PDMS.

Figure 6.7 presents the infrared transmittance spectrum results for extracted PDMS
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with and without plasma treatment. The chemical groups that were found from the ATR-
FTIR analysis were identical to the native non-extracted PDMS. Moreover, plasma treat-
ment did not change the surface chemistry of the PDMS.
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Figure 6.7: IR transmittance spectra of extracted PDMS. (a) extracted PDMS, and (b)
plasma treated extracted PDMS.

6.3.4 HEMA Grafting

The current-monitoring experiments and dry storage analysis gave the first indication
on how successful the HEMA grafting treatments were. A summary of the current-
monitoring and dry storage results for the different HEMA treatment protocols are pre-
sented in table 6.3. A first observation of table 6.3 shows that the different HEMA
grafting treatments vary in their outcomes. Results of the dry storage analysis for the dif-
ferent HEMA treatments were dissimilar. The three approaches that showed very good
hydrophilic were the plasma induced HEMA grafting and the HEMA heat protocols 3
and 4. The HEMA heat protocol 1 showed some hydrophilic properties. However, the
HEMA heat protocol 1 did not show any hydrophilic properties from the dry storage anal-
ysis. Moreover, the current-monitoring experiments were successful for all the HEMA
treatments except the HEMA heat protocol 2.
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Table 6.3: Results of the current-monitoring exepriments and the dry storage analysis for
different HEMA grafting protocols. P/P is the PDMS/PDMS microchannel, and P/g is
the PDMS/glass microchannel.

The HEMA Dry storage Zeta potential value
treatment analysis used solution (ζmV )

Plasma induced Showed hydrophilic 1XTBE, P/P, (-35)
HEMA grafting properties 1XTBE, P/g, (-46)

HEMA heat protocol 1
Showed some hy-
drophilic properties

1XTBE (-35)

HEMA heat protocol 2
No flow, and didn’t
show hydrophilic prop-
erties

-

HEMA heat protocol 3
Showed good hy-
drophilic properties

1XTBE (-55)

HEMA heat protocol 4

1XTBE, P/P, (-30)
Showed good 1XTBE, P/g, (-50)
hydrophilic properties 10mM KCl,P/P, (-48)

10 mM KCl, P/g, (-49)

For the HEMA heat protocol 1, it was hard to fill the channels and additional pressure
was needed. This indicates that for this approach, the hydrophobic properties of PDMS
were regained. This also indicates that this protocol failed in grafting HEMA on the
PDMS surface. The current-monitoring experiments showed that the zeta potential was
lower than the plasma treated PDMS.

Samples treated according to the HEMA heat protocol 2 showed poor hydrophilic
properties by dry storage analysis. Moreover, current-monitoring experiments for chips
treated with this approach failed. This was because the treatment was not uniform. As
observed using the microscope, some locations in the treated microchannels allowed the
flow of water while other locations repelled water. This indicated that this approach of
heat induced HEMA grafting after the bonding of the microchannel was unsuccessful
and it was giving heterogeneous wall surface properties.

As presented in table 6.3, plasma induced HEMA grafting, the HEMA heat protocol
3 and HEMA heat protocol 4 were successful in performing HEMA grafting since they
showed good results in the dry storage analysis. However the current-monitoring exper-
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iments that were performed on these protocols did not show an improvement in the zeta
potential. These approaches were chosen for further analysis to understand the reason
for their success in the dry storage analysis.

Figure 6.8 presents the contact angle change with time for the HEMA heat protocols
3 and 4.
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Figure 6.8: Contact angle change with time for HEMA treated heat protocols. (a) HEMA
heat protocol 3, and (b) HEMA heat protocol 4.

From figure 6.8 it is shown that the PDMS treated with HEMA heat protocols 3 and
4 showed hydrophilic properties with time. This confirms the finding from the dry stor-
age analysis (table 6.3). The HEMA heat protocol 4 showed a change to a hydrophobic
state at the third day after dry storing conditions. This conclusion was reached since the
contact angle was around 90o. Compared to the HEMA heat protocol 4, the HEMA heat
protocol 3 is more stable in the hydrophilic properties (figure 6.8 (a)) and the process in-
volved in performing this treatment is better, since no extraction of PDMS is needed. The
plasma induced HEMA grafting protocols showed hydrophilic properties for up to 5 days
of dry storing. This was confirmed by means of qualitative contact angle observations of
ultra pure water.

The discussed findings show that the surface of PDMS treated with the above proto-
cols maintained their hydrophilic properties with time periods up to 5 days. This is ben-
eficial for microchips since maintaining the hydrophilic properties is important for long
term chip storage and transportations applications. On the other hand the zeta potential

93



values for the PDMS treated with the above protocols did not show any improvement
compared to PDMS treated with plasma alone (table 6.3).

As a result, the plasma induced HEMA grafting and the HEMA heat protocol 3 were
chosen for ATR-FTIR analysis. For each measurement by ATR-FTIR at least two sam-
ples were prepared and three locations in each sample were tested. Figure 6.9 presents
the transmittance spectra from the ATR-FTIR analyses. From figure 6.9, for plasma in-
duced HEMA grafting ( 6.9 (a) ), the HEMA grafting was evident since the OH− groups
are present between 3200 - 3400 cm−1. Most of the measurements performed on sam-
ples treated with the plasma induced HEMA grafting showed this trend of spectra. This
indicates that the plasma induced grafting of HEMA creates permanent OH groups on
the surface of the PDMS.
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Figure 6.9: IR transmittance spectra of PDMS using different HEMA grafting protocols.
The enlarged figure is to magnify the region 2800 - 3200 cm−1. (a) plasma induced
HEMA grafting, (b) HEMA heat protocol 3 at point 1, and (c) HEMA heat protocol 3 at
point 2.

On the other hand, the plasma induced HEMA grafting had some drawbacks. The
zeta potential of the plasma induced protocol did not improve when compared to the
regular plasma treated PDMS (table 6.3). Furthermore, this method is not suitable for
treating PDMS based microchannels for several reasons. First, the procedure of spin
coating the HEMA onto the surface of the PDMS is not applicable to the manufacture
of microchannels. The main reason is that the uniformity of the spun coated HEMA
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film was not confirmed. Thus other HEMA coating methods must be used. Several
approaches for coating the HEMA were attempted, such as manually depositing a thin
layer of HEMA on the PDMS or dipping the PDMS in a small jar of HEMA, but with
no success. Secondly, the long plasma exposure times needed to perform the HEMA
grafting are not applicable since they will create undesired surface roughness on the
PDMS.

The ATR-FTIR data of samples treated using the HEMA heat protocol 3 gave sissim-
ilar results at different locations. One location in the sample showed polymerization of
the HEMA on the surface. This was identified by the presence of the peak for the OH
groups at 3200 - 3400 cm−1 . The OH peak is enlarged figure 6.9(b). However, most
of the tested locations did not show the presence of the OH groups, with the samples
giving a similar transmittance spectrum as the native PDMS (figure 6.3). This is shown
in figure 6.9 (c). Note that both the 6.9 (a) and 6.9 (b) infrared spectrum were tested
on two different locations for the same sample. Moreover, most of the HEMA heat pro-
tocol 3 samples tested with ATR-FTIR did not show the presence of OH groups, which
indicates that there the grafting of HEMA was unsuccessful.

If the ATR-FTIR analysis was considered as the only criterion to verify HEMA graft-
ing, the HEMA heat protocol 3 was not successful. However, the contact angle results
and dry storage analysis for this treatment showed stability of the hydrophilic properties.

These results of the HEMA heat protocol 3 can be explained by two main discus-
sions. The first is that the HEMA has been chemically polymerized on the surface of
the PDMS but at very low concentrations. The concentration of the polymerized was not
detectable by ATR-FTIR in most of the locations on the PDMS surface. The ATR-FTIR
measurements showing the presence of OH groups support this explanation. The other
explanation is that the HEMA did not chemically graft on the surface, but it was ad-
sorbed into the surface of the PDMS. The layer of the adsorbed HEMA created a barrier
that prevented diffusion of the LMW PDMS to the surface of plasma treated PDMS. This
adsorbed layer will help preserve the hydrophilic groups on the surface of the PDMS. The
results of the contact angle and dry storage analysis support this explanation.

6.4 Conclusions

In this chapter several PDMS treatments protocols for improving the surface properties
of the PDMS have been examined and evaluated using different experimental techniques.

The results of predoping the PDMS with acrylic acid did not show an improvement
in zeta potential values or in the hydrophobic nature of the PDMS. Also, it was found
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that predoping the PDMS with 1% of AA/PDMS caused defects in the cross section of
microchannel after bonding into the substrate. Thus, this ratio is not recommended for
pretreatment.

Extraction of PDMS gave favorable results in terms of stable hydrophilic properties
by dry storage analysis and contact angle analysis. However, no improvement in the
zeta potential of the plasma treated extracted PDMS was achieved compared to regular
plasma treated PDMS.

Several HEMA grafting protocols were examined in this chapter, and the two that
showed changes in the properties of the PDMS were the plasma induced HEMA graft-
ing and HEMA heat protocol 3. The stability of the hydrophilic properties for PDMS
samples improved with both of these approaches. This was confirmed with the dry stor-
age analysis and the contact angle measurements. However, the zeta potential did not
improve with any attempted approach.

It was also observed that the ATR-FTIR analysis of the HEMA heat grafting protocol
3 gave inconsistent results for the same sample. The OH groups were observed to be
present in some locations, while not in others. Although these findings are encouraging
it is recommended that further investigation should be carried out on the HEMA heat
protocol 3 with other surface characterization techniques, such as X-ray photoelectron
spectroscopy (XPS) to further understand the effects and allow the development of an
improved methodology.
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Chapter 7

Final Conclusions and
Recommendations

7.1 Conclusions

This work was mainly concerned with studying the surface properties of polymeric mi-
crochannel materials. The experimentally based studies focused on the electroosmotic
flow characterization and enhancement in PDMS microchannels. The PDMS microchan-
nels were fabricated using a soft lithography technique which is commonly employed in
the microfluidic community. Two new contributions presented were: the introduction of
a modified Y-channel design to study the electrostatic properties of microchannels using
the current-monitoring technique, and the introduction of a modified current-slope ap-
proach to analyze the outcome of the current-monitoring experiments. The new channel
design was used to perform and examine on different parametric studies of electroos-
motic flow in PDMS based microchannels. Also, with the aim of improving the surface
properties of PDMS microchannels, different chemical based surface treatments were
carried out and thoroughly examined.

Performing the current-monitoring experiments with the Y-channel design was found
to be advantageous compared to using the conventional straight channel design. The cur-
rent trend and the number of measurements that could be performed with the Y-channel
design made it the superior option for studying the electrostatic properties of microchan-
nels when compared to the straight channel design. Moreover, the simplicity in perform-
ing the experiments and the capability of performing long term studies are additional
advantages offered by the new design.

The current-slope analysis approach was presented and validated to analyze the out-
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come of the current-monitoring technique. This approach showed good agreement with
the total length method, and better results than the slope approach presented previously
[48] since it eliminated the different error sources, such as solution conductivity changes
and uncertainty in the conductivity measurements. The problems were thoroughly dis-
cussed in chapter 5. In situations where it is hard to locate the start and end of the
replacement from the current-monitoring outcome, the current-slope method is advised.
Both the new channel design and the current-slope approach were enhancements to the
current-monitoring technique for examining the electrostatic properties of microchan-
nels.

The zeta potential of different biological buffers used for DNA, RNA and biomedical
applications were estimated for plasma treated PDMS based microchannels. The current-
monitoring experiments were performed for each test buffer with different microchannel
dimensions and designs. The reported zeta potential value was then calculated as the
average of at least 35 measurements. An unexpected finding from the current-monitoring
experiments was that the chip substrate material did not have an effect on the average zeta
potential for plasma treated PDMS microchannels. This finding was confirmed by testing
the three channel formats of: PDMS/PDMS, PDMS/glass, and PDMS/SU8. This result
should be treated with caution since other plasma treatment protocols may differ, and
therefore their outcome might be different.

Some side effects of long term electroosmotic pumping were observed on solu-
tions when using electrolytes and buffers with high electrical conductivity as a pumped
medium. Effects such as solution depletion, bubble formation, conductivity changes and
pH changes were observed with long periods of electroosmotic pumping. Electrolysis
could not be eliminated as it is a phenomenon associated with electrostatic pumping but
its effects could be reduced with several precautions. Using large volumes of solutions,
and reducing the applied voltage and current draw are important design aspects that need
to be taken into consideration. The most important factor that helps to reduce the ef-
fects of electrolysis is the proper choice of the pumped solution. In situations where the
application requires long periods of electroosmotic pumping, such as cell culture chips
[19], it is highly recommended to use buffers that have high resistance to electrolysis.
Of the solutions tested in this work, 1XTBE buffer demonstrated the highest electrolysis
resistance.

The surface conductance phenomenon of microchannels during electroosmotic pump-
ing was studied using the current-monitoring technique and with the aid of a high pre-
cision Pico-ammeter. The surface conductance was not affected by the change of the
applied electrical field. The solution concentration affected this phenomenon with a
higher concentration resulting in a higher surface conductance. It was also observed that
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the surface conductance was affected by changing the channel substrate material. For
the same solution, the PDMS/glass showed a higher overall surface conductance than
the PDMS/PDMS microchannels. This finding was clearly demonstrated in the surface
conductance results using the 10 KCl and 1XTBE buffers. While the zeta potential was
not affected with the change of substrate material, this change in surface conductance
implied that the flow of ions in the EDL of the glass portion is different to the plasma
treated PDMS portion. This finding implies that the EDL shape and the ion distribution
of the glass portion differ from the plasma treated PDMS sides. There is no clear expla-
nation for this finding and further investigation is advised using other techniques such as
the streaming potential.

One explanation for this end result was the affect of surface roughness. The model
used to estimate the surface conductance neglects the effects of surface roughness on the
flow of ions within the EDL. However, the contribution of the effects of surface rough-
ness on the surface conductance cannot be ignored. Numerous difficulties have arisen
in measuring surface roughness since the nature of the surface roughness is irregular for
different samples and no confirmation of the nature of the microscale surface roughness
could be found. Moreover, to numerically study the effect of surface roughness on the
flow of ions in the EDL, higher order numerical techniques such as molecular dynamics,
must be used. This type of modeling and analysis was outside the scope of the work.

Another major goal of the work was to enhance the surface properties of PDMS
based microchannels with chemical treatment, a strategy that was thoroughly discussed
in chapter 6. As a final conclusion the zeta potential of the treated PDMS microchan-
nels did not improve with any of the attempted surface treatments when compared to the
zeta potential of plasma treated PDMS microchannels. On the other hand, the stability
of the hydrophilic properties of the microchannels showed an improvement using the
extraction and some HEMA grafting protocols. The PDMS extraction process is recom-
mended for chip manufacturing in order to stabilize the hydrophilic properties of PDMS
microchannels.
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7.2 Recommendations and Future Work

There are two main areas for improvements on the work presented: improving the hard-
ware setup, and performing new studies on both the current-monitoring technique and
the surface treatment analysis.

An improvement to the current-monitoring setup could be achieved by automating the
experiments. This could be done by using a controllable circuit to perform the switching
of the electric fields between the reservoirs.

There are a number of different areas of study that are open as a result of this study.
The effects of different plasma treatment protocols, such as oxygen plasma treatment,
on the zeta potential of the PDMS microchannels should be examined. At the time
of writing this thesis, oxygen plasma accessories were arranged to be integrated to the
present plasma treatment system. Moreover, the effect of the chip substrate material on
the average zeta potential of PDMS based microchannels with oxygen plasma treatment
should be examined to observe if it the same trend as the air plasma treatment will be
observed.

It is highly recommended that quantitative studies on the electroosmotic flow in the
Y-channel design be performed. This could be achieved using the µ-PIV system. Un-
fortunately the µ-PIV system was in the process of being installed during the period of
writing this chapter. An important location that should be focused upon and quantita-
tively studied is the Y-intersection during the switching of the electric fields between the
reservoirs and the effect of the intersection corner radius on the flow field. The experi-
mental quantitative studies should also be supported with numerical modeling in 2D and
3D using commercial software, such as COMSOL multiphysics.

Although different surface treatments were attempted to improve the different surface
electrostatic properties of PDMS based microchannels the results were inconclusive, es-
pecially with regards to the HEMA grafting protocols. It is recommended to confirm the
speculated findings of the HEMA treatment by examination in conjunction with other
surface characterization techniques such as X-ray photoelectron spectroscopy (XPS).

The attempts made to improve the zeta potential of the PDMS based microchannels
with chemicals were not realized. The zeta potential threshold was the same value of
plasma treated PDMS microchannels. The zeta potentials for the chemical treatments
did not overcome the zeta potential of air plasma treated PDMS.

Final recommendations for the surface treatments are to improve the HEMA graft-
ing by performing pre treatment of the PDMS with an initiator before introducing the
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HEMA. This will improve the grafting and therefore may improve the zeta potential.
One initiator that could be used is the AIBN initiator (Azobisisobutyronitrile).
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Appendix A

Surface Characterization

A.1 Contact Angle Analysis

The contact angle is a simple method used to find the surface energy of solid materials
by measuring the angle of a pure symmetric droplet of a solution on a horizontal sample.
Direct measurement of the angle between the liquid gas interface indicates if the surface
is hydrophilic or not. The contact angle is related to the surface energy attained between
the surface and the solution particles. This is also related to the surface energy from
Young’s model [1, 3, 85]. Another name for the method is the sessile static drop. In order
to get accurate results from the contact angle measurements two important conditions
apply, which are: the solution must not react with tested material, and secondly the pure
solution droplet must be symmetric. Figure A.1 presents a schematic of the principle of
contact angle.

Liquid θ

σ

sgσslσ
Solid

gas

x

y

Figure A.1: Basic concept of the contact angle measurement [85].

For static conditions and by performing a force balance in the x-direction, presented

102



in figure A.1, the relation between the energy of the solid liquid interface is [1, 85]:

σ · cos (θ) = σsg − σsl (A.1)

where σ is the liquid-vapor interfacial energy between the gases liquid, σsg is the solid-
gas interfacial energy, σsl the solid-liquid interfacial energy, and θ is the angle between
the gas liquid interface. In the literature the contact angle has been used to find the nature
of plasma and non plasma treated PDMS surfaces. Moreover, the rate of regaining the
hydrophobic properties of plasma treated PDMS was examined with the contact angle
[70, 73, 75]. Eddington et al. [75] studied the effects of thermal aging on stabilizing
the hydrophilic properties of plasma treated PDMS and the results show that the aging
improved the stability of PDMS. The effect of storing conditions was investigated by
Chen et al. [70] with the contact angle analysis and it was shown that wet conditions are
better for preserving the hydrophilic state of plasma treated PDMS.

A.2 ATR-FTIR Analysis

The basic principle of the Fast Fourier Transform Infrared Spectroscopy (FTIR) is to
study the vibration of atoms between molecules under the influence of an electromagnetic
wave. Due to the nature of the chemical bonds formed between molecules, atoms vibrate
with a certain frequency [83, 84]. A simple model for the vibration could be presented as
the vibration of the spring-mass model. The natural frequency of the spring connecting
to vibrating masses is calculated from [84]:

ω =
1

π

√
k

2m
(A.2)

where ω is the natural frequency (Hz), k is the spring constant (Nm−1), and m is the
mass (kg). If a force is exerted on the spring mass system it will cause it to vibrate.
This is a simplification of what happens in the molecular regime where different atoms
are attracted together with electromagnetic forces. By applying an electromagnetic wave
to the specimen the molecules will vibrate in frequency ranges that correspond to the
strength and type of bond between the atoms. The location of the vibration frequencies
are fingerprints of different molecules.

The vibrational frequencies of molecules are very high (around 1013s−1). Another
unit that is commonly used to assess the location of the vibration is the frequency divided
by the speed of light. This unit is known as the wave number and has a unit of (cm−1).

W =
ω

Clight

(A.3)
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where W is the wave number (cm−1), and Clight is the speed of light (3× 108m/s). The
FTIR (Fast Fourier Transform Infrared Spectroscopy) analysis is performed by exposing
the sample to a mid-spectrum of Infrared beam (IR) and recording the response of the
sample in a frequency spectrum. The response of the sample to the IR is measured in
either the transmittance or absorbance of the infrared beam in the ordinate and the wave
number in the abscissa. This is known as the IR spectrum. Thus, by performing peak
assessment the presence of different chemical compounds are distinguished. The IR
transmittance and the absorbance are related with the following equation [83]:

Aab = − log (Ttran) (A.4)

where Aab is the absorbed infrared beam, and Ttran is the transmitted infrared beam from
the sample [83].

The FTIR analysis is also a quantitative method for finding the concentration of dif-
ferent molecules in samples. This is achieved with Beer’s law which relates the concen-
tration of a certain compound with the absorbance of the IR beam [83]. Equation A.5
presents Beer’s law:

Aab = l · C · α (A.5)

where l is the path length of the IR beam, C is the concentration of the chemical com-
pound, and α is the concentration coefficient. Another quantitative analysis approach is
to perform a ratio analysis of different samples at the same frequency location. This indi-
cates the change in the concentration of chemical compounds between different samples.
This approach will eliminate experimental errors between the measurements, such as the
change of the background noise [83]. Also in the absence of certain values such as the
concentration coefficient of the sample the ratio approach is advantageous. Equation A.6
presents the basis of the peak ratio analysis:

Aab1

Aab2

=
C1

C2

(A.6)

where Aab1 is the absorbance at peak 1, Aab1 is the absorbance at the second peak, C1

is the concentration of the first compound, and C2 is the concentration of the second
compound. Thus the FTIR analysis is a powerful technique for finding the change of
different chemical compounds.

One major limitation for using FTIR analysis is that the thickness of the samples
must be in very small (µm) ranges in order that the IR beam passes through the sample
[84, 85]. To overcome this limitation another approach has been developed which was
to study the reflectance of the infrared beam with the aid of a non-IR absorbing crystal
[83, 84].
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When an IR beam is guided through a non IR-absorbing crystal with a high refractive
index and comes into contact with a sample the beam will be reflected from the sample.
Due to the difference of the refractive indices between the sample and the crystal the
IR-beam under goes an internal reflectance known as attenuated total reflectance. By
recording the reflected IR beam an IR-spectrum is found. This is called as the attenuated
total reflectance (ATR-FTIR). The major advantage of this method is that it is not af-
fected with the specimen thickness and any thickness could be used in the analysis [83].
Figure A.2 presents a schematic of the principle of the ATR-FTIR.

 

Figure A.2: Basic concept of the ATR-FTIR crystal.

An important property of the ATR analysis is that the reflected beam has a depth of
penetration inside the sample [83]. The depth of penetration of the IR beam depends on
several factors such as the angle of incidence of IR beam, the refractive indices of the
sample and the crystal, and the wave number. In the present work, the ATR-FTIR anal-
ysis was chosen to characterize the different surface treatments performed on PDMS
samples, especially the treatments that involved the chemical grafting of the HEMA
monomer, since the PDMS samples are thick (2 mm).
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Appendix B

Experimental Setup (Extra
Information)

In this section extra information about chip manufacturing process and the current-
monitoring experimental setup is presented.

B.1 Precautions for te PDMS Surface Treatment Chem-
icals

The chemicals used for the PDMS surface treatment (Section 3.1.2) need special han-
dling and precautions when used. Information in the MSDS must be taken with great
care. The HEMA solution has an inhibitor for stabilization purposes. The inhibitor was
removed with a column technique to improve the HEMA polymerization.

Note: some treatments require a drying process in the oven. It was observed that
the oven will be contaminated afterwards. It is highly recommended that after drying
processes that the oven must be cleaned with acetone. Then it should be dried at 140oC

for 2hrs while closing the chamber door and leaving the ventilating valve open in order
to remove all the chemical fumes from the oven.

B.2 Chip and Sample Manufacturing

A simple description of the procedure for manufacturing the channels masters is pre-
sented next, and for a complete view on the protocols used in the microfluidics lab please
refer to the master thesis’s presented by Sami [97] and Glawdel [19].
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Silicon wafers were used as masters for the SU8 channel profiles. The main steps for
profiling the wafers with the designs were as follows: first the wafer (Montco Silicon,
Spring-City) undergoes a dehydration process at 200 oC for 20 minutes over a hotplate.
After that the wafer was cooled for 10 minutes. Then an SU8 adhesion layer was spun
coated on the wafer with a thickness of 5 µmwith SU8-2005. This layer helps the perma-
nent adhesion of the profiles on the wafer. The wafer with the adhesion layer undergoes
a soft bake; UV exposure and post bake as recommended by the SU8 manufacturer [86].
Another SU-8 layer with the desired channel thickness was spun coated on the wafer and
then soft baked. The choice of the SU-8 grade depends on the desired channel height
[19, 86, 97]. A high accuracy transparency mask (CAD/Art Services, Bandon) con-
taining the channel profiles were positioned over the wafer in the vacuum mask aligner
(Newport, Stratford). The wafer was UV-exposed with the appropriate dosage [86]. The
exposed wafer was post baked and then developed in SU-8 developer, and dried with
nitrogen gas. The height and width of the channel profiles were measured with a con-
tact profilometer (Mitutoyo SJ-400). Figure B.1 presents a typical silicon wafer with
hardened channel profiles.

 

Figure B.1: Silicon wafer with the hardened SU8 profiles.

PDMS microchannels were fabricated by replica molding of the profiled silicon
wafer. The PDMS mixture was prepared by mixing Sylgard 184 silicone elastomer base
and Sylgard 184 (Dow Corning, San Diego, CA) silicone elastomer curing agent in a
10:1 ratio. The mixture was degassed for 20 minutes in a vacuum oven, poured over
the master and baked at 80o C for 2 hr. The cured PDMS was then removed from the
master and reservoir holes were punched for fluidic access ports. The PDMS Y-channel
molds were then air plasma treated for 40s and a power of 29.6 W (Harrick Plasma,
Ithaca, NY) and bonded either to a PDMS coated microscope slide or to a microscope
glass slide. The glass slides coated with PDMS were fabricated by spin coating 1mL of
PDMS (10:1) at 3000 rpm for 30s on the surface of the glass slide to achieve a thickness
of 30 µm PDMS layer. Ultra pure water was introduced in the channels after the process
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bonding and glass reservoirs (1.5mL); were attached using liquid PDMS to make a leak-
proof attachment. Figure 3.2 shows a photograph of the plasma treatment system and a
typical PDMS chip.

The PDMS samples that were tested with the ATR-FTIR and the contact angle were
prepared with the same approach discussed above, but were poured and cured over a
non-profiled silicon wafer. The details of the treatments will be presented in chapter 6.

B.3 Current-Monitoring System

A schematic of the connections between the components of the current-monitoring sys-
tem is presented in figure 3.3. The basic concept of the current-monitoring technique is to
record the electrical current while performing electroosmotic pumping in microchannels.
Thus, an electrical voltage supply and a current measurement system are needed. The
process of integrating the different system devices was time consuming and went through
several integrations. The main components of the final current-monitoring system used
in this work and the operation of each element are listed as follows:

• DC power supply.

• Current measurement system.

• Electrical switch.

• Chip holder.

• Data recording and monitoring system.

• AC - Fan.

Information about the DC power supply and the Data acquisition system is presented
next.

B.3.1 DC Power Supply

A Spellman SL10*10 (Spellman, Hauppauge, NY) power supply was used as a voltage
source. This model is capable of outputting 10 kV with a maximum current of 1 mA. The
system could be manually controlled as voltage based or current based control with the
knobs located in the front panel. The output of the system is monitored from the LCD

108



panels located in the front panel. Moreover the signal was exported via the terminal
block located in the back of the system to a data acquisition card. The exported signals
range from 0-10 V which is linearly related with the voltage and current of outputted
from the Spellman.

B.3.2 Data Acquisition System

The monitored voltage and current, from both the Spellman and the Keithley, were ex-
ported through a connector block CB-37F-LP (National Instruments, Austin, TX) to a
data acquisition board NI- PCI-6221 DAQ (National Instruments, Austin, TX) which
allowed monitoring of the signals in LabView. The acquisition board can monitor a
maximum voltage difference of 10 V between its terminals which is in the range for the
exported signals from the devises. The terminals were connected in a differential mode
to improve the accuracy of the measurement. Figure B.2 presents photographs of the
hardware devices used in present current-monitoring system.

Pico-

Ammeter

Monitoring 

system

Spellman Power 

Supply

Switch 

circuit

(a)

(b)

(c)

Figure B.2: Photograph of the current-monitoring experimental setup. (A) The DC
power supply and monitoring system, (b) the data acquisition connector block, and (c)
the chip holder with the electrical switch.
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Appendix C

Uncertainty Analysis

Uncertainty analysis of experimental measurements is important since it shows how ac-
curate the measurement was. The choice of the hardware setup and the approach of
performing the experiments have an effect on the confidence in the results of the mea-
sured parameter. Mainly, there are two main sources of errors in experimental work,
which are [93]:

Bias uncertainty: These types of errors come from the limitations and sensitivity of
the measurement devices. Bias errors can be calibration errors, certain consistently recur-
ring human errors, errors caused by defective equipment, loading errors, and limitations
of system or resolution. These types of errors cannot be eliminated, but assigned a value
of the measurement. Most device manufacturers assign a value for the bias uncertainty
which could be a constant percentage of the measurement or a certain value with the
same unit as the measured variable.

Random uncertainty: The random uncertainty is also known as precision uncertainty.
This type of error comes from the procedure of uncontrolled randomness effects on the
experimental setup. It can be reduced by taking a large number of samples and averag-
ing them over the results, since these types of errors can be approximated by a normal
distribution (Gaussian curve). These types of errors can come from certain human er-
rors, errors caused by external disturbance to the equipment, errors caused by fluctuating
experimental conditions, and errors driven from the measuring system-sensitivity.

For a limited number of samples the precision uncertainty is approximated by [93]:

Px ≈ tα/2,γ
Sx√
n

(C.1)
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where Px is the random uncertainty of the measurement, Sx is the standard deviation of
the sample, t is the assigned t-distribution value the corresponds to the confidence level
and number of samples, n is the number of samples, α is related to the chosen confidence

level (α =
1− c

2
), and γ = n− 1.

For a dependent variable y, which depends on several independent measured vari-
ables (x1, x2, ..., xn), the uncertainty will propagate by [93]:

Uy =

√(
∂y

∂x1

· U1

)2

+

(
∂y

∂x2

· U2

)2

+ ......+

(
∂y

∂xn

· Un

)2

(C.2)

where Uy is the uncertainty of the dependent variable y, U1 is the uncertainty of the
independent variable x1, U2 is the uncertainty of the independent variable x2, and Un is
the uncertainty of the independent variable xn.

The equation presented in C.2 is for finding the propagation of the uncertainty for a
certain measurement. It is important to point out that each type of uncertainty is found
separately, where the random uncertainties for all the independent variables are summed
together in one calculation of equation C.2, and similar approach apply to the bias uncer-
tainty. Afterwards, the total uncertainty of the measurement is found by combining both
bias and random uncertainty with:

Uy =

√
(By)

2 + (Py)
2 (C.3)

where Uy is the total uncertainty of variable y, By is the bias uncertainty of y, and Py is
the random (precision) uncertainty for variable y.

The next table presents the independent parameters that contribute to the uncertainty
of the experimental measurements that were performed and presented in this thesis:

The bias parameters were taken from the literature provided by the device manu-
facturers, except for the time where it was given a bias uncertainty of 1 sec. This bias
uncertainty for the time was given since the accuracy in locating the start and end of
replacement in the current-time plots (is see figure 5.1 may differ between experimental
sets and human error in locating the locations. Therefore, this value was chosen as an
upper limit of the uncertainty and in most cases the error is lower than this value.

A simple estimation of the uncertainty of a dependent variable calculated in this
work will be presented next, where the uncertainty of the velocity is found from various
independent parameters. The velocity of the slope approach was found by:

uslope =
slope · Lchannel

E · 4λb · Ac

(C.4)
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Thus the uncertainty for the velocity of the slope method will be:

Uuslope =

s„
∂uslope

∂L
· UL

«2

+

„
∂uslope

∂E
· UE

«2

+

„
∂uslope

∂Ac
· UAc

«2

+

„
∂uslope

∂4λb
· U4λb

«2

(C.5)

In equation C.5 the term that has the largest affect on the uncertainty is the con-
ductivity difference 4λb (4λb = λb2 − λb1), since it has a subtraction operation. This
uncertainty is calculated by:

U4λb
=

√(
∂4λb

∂λb1

· Uλb1

)2

+

(
∂4λb

∂λb2

· Uλb2

)2

(C.6)

By taking a typical conductivity difference values for a certain current-monitoring
experiment with 1XTBE buffer the high and low concentrations were: 980 µS/cm and
905 µS/cm. The uncertainty in finding the conductivity difference will be:

U∂4λb
=

√(
∂ (λb2 − λb1)

λb1

· Uλb1

)2

+

(
∂ (λb2 − λb1)

∂λb2

· Uλb2

)2

(C.7)

U4λb
=

√
((−1) · Uλb1

)2 + ((+1) · Uλb2
)2 (C.8)

For a conductivity electrode with 1 % accuracy the uncertainties of the conductivity
measurements were:

Uλb1
= 1%λb1

Table C.1: Uncertainty parameters of the experimental setup. (1) STDV is the standard
deviation of the recoded signal for a window of interest of the measurement.

Parameter Unit Bias Random
Uncertainty Uncertainty

Channel length (m) 0.1 % -
Channel width (m) 0.1 % -
Channel height (m) 0.3 % -

Solution conductivity (µS/cm) 0.5 % -
Current measurement (A) 0.1 % STDV(1)

Voltage measurement (Volt) 5 Volt STDV(1)

Time (s) 1 sec -
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and
Uλb2

= 1%λb2

making them for the presented values

Uλb1
= 1% · (980) = 9.8µS/cm

and
Uλb2

= 1% · (905) = 9.05µS/cm

This makes the total uncertainty of the conductivity difference to be:

U4λb
=

√
(9.8)2 + (9.05)2 = 13.34µS/cm

The uncertainty percentage of the conductivity differences to the actual conductivity
difference is equal to:

%U4λb
=

13.34

980− 905
= 17.78%

This uncertainty value is very high from a certain variable. If the electrode is less
accurate than 1 %, the uncertainty will be very high and it will severely affect the con-
fidence in the measurement. Unfortunately this range of accuracy is a typical value for
conductivity measurement devices.

For the conductivity measurements used in this work, a three point calibration proce-
dure was performed to the conductivity electrode, which will reduce the uncertainty to a
range of 0.5 - 1 % of the actual conductivity measurement.

On the other hand, the current-slope method, which was proposed in chapter 5, was
also used to find the velocity with the next equation:

ucurrent,slope =
slope · Lchannel

4I
(C.9)

Thus, the propagation of the velocity uncertainty is found by:

Uucurrent,slope
=

√(
∂ucurrent,slope

∂L
· UL

)2

+

(
∂ucurrent,slope

∂4I
· U4I

)2

(C.10)

The parameters contributing to the uncertainty of equation C.10 are less than the
parameters contributing to equation C.7. The accuracy of measuring the current is almost
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an order of magnitude higher than of measuring the conductivity. The current difference
will contribute more to the uncertainty of finding the velocity from equation C.9. The
uncertainty of the current difference4I = I2 − I1 could be found from:

U4I =

√(
∂4I
∂I1

· UI1

)2

+

(
∂4I
∂I2

· UI2

)2

(C.11)

For the same example presented for the conductivity difference, the 1XTBE buffer
results, the high and low measured currents during the current-monitoring experiment
were I1 = 11.400µA and I2 = 10.57µA. Thus, the uncertainty of the measured current
are:

UI1 = 0.1% · (11.40) = 1.14× 10−2µA

and
UI1 = 0.1% · (10.57) = 1.057× 10−2µA

The uncertainly of the current difference was:

U4I =

√
(1.14× 10−2)2 + (1.057× 10−2)2 = 1.55× 10−2µA

As a percentage, the uncertainty of the current difference is equal to :

%U4I =
1.55× 10−2

11.4− 10.57
= 1.87%

This is better than the case of using the conductivity measurement, since the uncer-
tainty was previously found as 17.78 %. This result supports the use of the current-slope
method over the regular slope method for finding the velocity in terms of reliability and
confidence in the measurement. Both the conductivity difference and current difference
were discussed in this section since the contribution of these two parameters was the
highest uncertainty cause for the different variables found in this work.

An important point of consideration that for various experimental measurements it
is highly recommended to avoid finding a dependent variable that needs a mathematical
subtraction operation, since it will give the highest uncertainty of the all the mathematical
operations. Unfortunately for some parameters found from this work the subtraction
operation could not be avoided, such as the surface conductance and the current-slope
velocity.
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For the other dependent parameters measured in this thesis (i.e. the zeta potential,
electroosmotic mobility surface conductance) the uncertainty propagation was done with
the same approach as presented in this appendix. The uncertainty calculations were
performed with a written Matlab algorithm.
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