




Abstract

Being able to control fluid shape and flow using an external electric field

alone without any mechanical parts, electrowetting-on-dielectric (EWOD) has

drawn a lot of attention from researchers which leads to the the invention of

many interesting applications. In the laboratory, EWOD characterization is

generally conducted using direct optical observation of the droplet. While be-

ing a straight-forward method, optical techniques are laborious, slow, subject to

optical distortions, and impractical in devices where the electrowetted droplet

is a functional part of a larger system. In such cases, having an integrated

means to interrogate the droplet configuration quickly and accurately would be

highly desirable. As most EWOD experimental setups/devices have a metal-

insulator-metal structure, it is possible to characterize the wetting process using

electrical measurements. Prior e↵orts in characterizing EWOD electrically ex-

hibit limitations in: 1) the dielectric layer used were relatively thick; 2) overly

simplistic assumptions were made regarding the droplet shape. Because electri-

cal characterization of EWOD is beneficial in many ways, we have investigated

methods to expand its use and increase its flexibility so it could be applied

to various kinds of experiments and applications. In this work, we first ex-

perimentally investigated the impedance of various EWOD configurations as

a function of frequency, helping researchers to develop a framework for char-

acterizing the impedance of an EWOD experiment using electrode properties

and material parameters. Secondly, we developed methods to use electrical

measurements in conjunction with known capillary bridge geometries to ac-

curately determine unknown parameters in electrowetting (e.g., contact angle,

liquid volume, interfacial tension, etc.). Lastly, we designed, built, and tested

a capacitance measurement system capable of high-speed time-resolved mea-

surements of electrowetting behavior.
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1 Introduction

1.1 Low-voltage Electrowetting-on-dielectric

Electrowetting-on-dielectric (EWOD) is a phenomenon where a voltage applied to

a conducting liquid on a dielectric covered electrode causes the liquid to spread over

the dielectric surface. [1] Figure 1 illustrates the electrowetting of a water droplet on

a dielectric coated electrode. With the application of a voltage, the electric charges

in the liquid drop move and concentrate in di↵erent locations of the drop and the

forces working on the charges lead to the flattening out of the drop.

Figure 1: Top: A water drop place on a hydrophobic surface with a high contact
angle. Bottom: Electrowetting of the surface. [2]

The relationship between the wetting angle and applied voltage is described by

the Lippmann-Young (LY) equation:

cos ✓ = cos ✓Y +
1

2�lv

cHV
2 = cos ✓Y +

"0"r

2t�lv

V

2
, (1)

where ✓ is the apparent contact angle (the mesoscopic contact angle, shown in Figure

1), ✓Y is the Young’s equilibrium contact angle with no applied field (shown in Figure
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1), �lv is the liquid-vapor interface tension, V is the applied bias across the dielectric

layer, and cH = "0"r/t is the dielectric capacitance per unit area. Here "0 is the

vacuum permittivity, "r is the dielectric constant, and t is the dielectric thickness.

Note that for devices with two or more dielectric layers, such as that shown in Figure

1, cH is the series combination of each dielectric capacitance and equivalent values

should be used for "r and t.

Two typical LY curves describing the relation between contact angle and bias

are drawn in Figure 2. Parameters used in calculating the contact angle change

are: initial angle ✓Y = 110�, dielectric permittivity "r = 2.1 (hydrophobic Cytop),

and interface tension �lv = 72mN/m (water-air interface). Two values are used

for dielectric thickness: the blue curve is plotted with t = 500nm and the green is

plotted with t = 50nm. It can be seen that devices with thinner dielectric layers are

capable of achieving a much more significant wetting e↵ect with the same applied bias

voltage. Yet in the majority of commercial and lab EWOD devices, dielectric layers

are generally at least one to ten micronmeters thick, which would require an excess

level of applied voltage to achieve appreciable contact angle change. For many EWOD

applications, this implies di�culty to be integrated into integrated circuit (IC) chips

since such high voltages are incompatible with modern IC technologies. Therefore, it

is worthwhile exploring the use of thin dielectric layers in EWOD devices.
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Figure 2: LY curve.
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1.2 EWOD Applications

First discovered in Lippmann’s (1875) [3] and Froumkine’s (1936) [4] time, elec-

trowetting was conducted with electrolyte directly placing on electrodes. However, the

application of the voltage at the electrolyte/metal interface led to inevitable electro-

chemical reactions, which, over time, led to irreversible changes of the interface. This

greatly limits electrowetting’s application prospects as applications normally require

many cycles of on/o↵ or wetting/dewetting. Later on, the solution to this problem

was found by adding a dielectric layer between the metal electrode and the liquid

drop [5] and is named as electrowetting-on-dielectric (EWOD). As the electrochemi-

cal reactions between the electrode and electrolyte are now prevented, electrowetting

can operate stably for a much longer period of time.

Being able to control fluid shape and flow using an external electric field alone

without any mechanical parts, EWOD has drawn a lot of attention from researchers

which leads to the the invention of many interesting applications. Berge and Peseux [6]

used electrocapillarity to change the contact angle of a transparent drop (1-bromo-

dodecane immersed in a solution of Na2SO4 in water) and achieved a lens of variable

focal length (Figure 3). The optical power variation was 5-10 times that of the

human eye for a comparable diameter. The typical response time was 0.03 s and the

dissipated power was only a few mW. Some other works demonstrating EWOD based

variable-focus liquid lens can be found in [7–10].
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(a) (b)

Figure 3: (a) Schematic representation and sample photograph of a lens of variable
focal length; (b) Inverse focal length of a particular lens of 6 mm diam- eter, filled
with -chloronaphtalene as the insulating liquid, and a Na2SO4 solution in water, as
a function of voltage. [6]

EWOD also find its application in microfluidic field based on the actuation of

droplet volumes up to several microliters [11]. Applications including area-tunable

micromirror [12], dynamically tuned optical waveguides [13], fast microfluidic mix-

ing [14], liquid transport/mixing/splitting for biomedical applications [15–17], etc.

have been proposed and tested. EWOD based digital microfluidic architecture is ad-

vantageous in real applications in that: there is no need for moving parts or channels;

many droplets can be independently controlled; sample heating is minimized as there

is no ohmic current; it works with various liquids; it is energy e�cient and fast [11].

Paik and Chakrabarty [18] reported on applying EWOD based digital-microfluidic

architectures to Integrated Circuits (IC) chip cooling (Figure 4). Liquid drops formed

from reserviors of cooling liquid were sandwiched between the IC chip and a digital-

microfluidic chip. They could move in reconfigurable paths and bring away heat from

hot spots. An additional active-cooling device was attached to the microfluidic chip

to further dissipate the heat. Using aqueous or liquid-metal droplets to facilitate IC

5



cooling is beneficial in that it has the ability to rapidly respond to changing cooling

demands. Similar works can be found in [19–22].

(a)

(b)

Figure 4: (a) An array of liquid-metal droplets on a digital-microfluidic chip; (b)
temperature profile of a hot spot as a mercury droplet passes over it. [18]

Another interesting application of EWOD is electronic paper (e-paper) and elec-

trowetting display. Researchers have successfully created thin display surfaces suitable

for portable electronic devices that operate in video-speed [23,24]. EWOD based dis-

plays reflect light instead of emitting light, which is less tiring and healthier for human

eyes. In addition, they tend to have a wider viewing angle compared to light-emitting

LCD displays.
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1.3 EWOD Characterization Methods

In the laboratory, EWOD characterization is generally conducted using direct

optical observation of the droplet. This is often a straight-forward method that gives

direct measurement of the contact angle, thus has long been used for characterizing

EWOD performance in the lab.

Figure 5: Illustration of an example experiment scheme with FT A contact angle
measurement system. [25]

While being a straight-forward method, optical techniques are laborious, slow,

and subject to optical distortions, which makes it di�cult to characterize EWOD

configuration or devices where the droplet is sandwiched between two parallel planar

electrodes. In addition, optical methods are impractical in devices where the elec-

trowetted droplet is a functional part of a larger system because of the size, cost, and
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complexity of imaging systems. In such cases, having an integrated means to inter-

rogate the droplet configuration quickly and accurately would be highly desirable.

Most EWOD experimental setups/devices have a metal-insulator-metal structure

comprising of a conductive electrolyte drop on an insulating dielectric layer covered

flat electrode, making it possible to characterize the wetting process using capac-

itance measurements. An early report of this was made by Verheijen and Prins

from the Philips Research Laboratories, who measured the LY curve with the tra-

ditional EWOD sessile drop configuration (Figure 6) via capacitance measurements

in 1999 [26]. As the dielectric layer used was relatively thick (10 µm), the measured

capacitance was seen as a direct reflection of the wetted area. Assuming that the

10 µL liquid droplet in air ambient had maintained the shape of a spherical cap,

the contact angle was derived geometrically. The result was in good agreement with

electrowetting theory.
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(a)

(b)

Figure 6: (a) Schematic drawing of a capacitance-based contact-angle measurement,
and (b) derived contact angle as a function of voltage. [26]

Over the next few years, a number of groups [27–31] reported on EWOD-based

microfluidic systems. In their works, EWOD was used to realize or control processes

like on-chip droplet dispensing, moving, merging, or splitting. During these steps,

droplet position and volume are critical parameters that define the accuracy and

reliability of the systems, especially for safety-critical biomedical applications. In

their works, simple RC oscillator circuits were utilized to sense the capacitance change

as droplets moved over individual elements of the electrode array (Figure 7) or were

deposited on the substrate. Droplet volume was estimated by assuming a cylindrical

shape for the drop sandwiched between parallel electrodes. In these microfluidic

systems, electrical measurement is highly advantageous as it provides an integrated

9



way of characterizing device performance.

Figure 7: (a) Top view of a droplet aligned with dielectric covered electrode element,
and (b) expected capacitance vs. droplet volume. [27]

However, these existing works exhibit some limitations:

• The dielectric layer used were relatively thick (⇠µm). Current devices scaled

down and dielectric layers are much thinner (⇠nm). Thinner dielectrics brings

the benefit of achieving the same wetting e↵ect with a much lower bias, it

also results in a great change in the impedance of the dielectric layer and its

proportion of the total impedance of the system.

• Overly simplistic assumptions were made regarding the droplet shape. There are

many di↵erent kinds of device structures, especially in practical applications:

(1) Electrodes can be flat or sharp as well as dielectric covered or bare; (2)

contact lines can be pinned on one electrode or free to move on both electrodes;

(3) contact angle ranges from as high as ⇠160� to as low as ⇠20�. In such cases,

the droplet shape can be far away from a simple spherical cap or cylinder.

Because electrical characterization of EWOD is beneficial in many ways, we have

10



investigated methods to expand its use and increase its flexibility so it could be applied

to various kinds of experiments and applications.
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1.4 Thesis Goal and Organization

The primary focus of this work is to study the application of electrical measure-

ments in characterizing thin-film low-voltage EWOD. Compared to traditional optical

characterization method, which is labotorious and expensive, impedance spectroscopy

measurement uses the present electrical contacts and is easier, faster, and more ac-

curate. Throughout the study, various thin-film EWOD devices were fabricated and

tested; electrical models were proposed and verified; experiments and mathemati-

cal simulations were combined to explore what electrical measurement could do to

facilitate the characterization and understanding of low-voltage EWOD.

This dissertation consists of five chapters:

• Chapter 1 introduces the fundamentals of EWOD, reviews the current charac-

terization method, and analyzes its advantages and disadvantages.

• Chapter 2 discusses the measurement and analysis of the impedance spectra of

various electrowetting setups and generates comprehensive guidelines useful for

electrical characterization of electrowetting systems.

• Chapter 3 applies the impedance spectroscopy method to thin-film EWOD de-

vices and achieves high-precision droplet configuration (contact angle, droplet

volume, surface tension, etc.) identification with droplet meniscus modeling.

• Chapter 4 builds a mixed signal circuit board capable of high-speed capacitance

measurement useful for characterizing dynamic EWOD.

• Chapter 5 concludes the current study and suggests possible future work.
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2 Impedance Spectroscopy and Electrical Model-

ing of EWOD Devices

2.1 Introduction

As mentioned in the previous chapter, setups with thin layers can have very di↵er-

ent impedance spectra. As a first step, we measured the Capacitance-Voltage (C-V)

response of the most commonly seen EWOD setup similar to the one in Figure6a.

The only di↵erence is that the dielectric layer was thinner by more than two orders

of magnitude (⇠30 nm compared to ⇠10 µm). Although electrowetting phenomenon

was confirmed visually, the measured C-V curve was rather random and not repeat-

able. To understand this behavior and to answer the can we characterize thin-film

EWOD devices electrically and how can we do it question, the first step is to analyze

the electrical behaviors of various elements appearing in the devices.

2.2 Setup Design, Measurement, Modeling, and Analysis

Three electrode arrangements are commonly seen in EWOD experiments and ap-

plications. These arrangements, shown in Figure 8, are: (a) a sessile droplet placed

upon a dielectric covered planar electrode with a metal wire inserted into the drop

as the counter electrode; (b) a liquid drop sandwiched between two parallel plates, a

bare electrode and a dielectric covered electrode; and (c) a parallel electrode config-

uration similar to (b) except that both of the electrodes are covered with dielectric

layers. To achieve a thorough understanding of the electrical properties of these

EWOD systems and the potential for electrically characterizing droplet configura-

tion, we have experimentally examined the impedance spectra of each of the interface

elements that appear in Figure 8 and have developed equivalent circuit models. The

13



experiments that we present were all designed so that no electrowetting would oc-

cur during impedance measurement. This allows the wetted area in each case to be

independently controlled from the electrical bias used and to be precisely measured.

Figure 8: Most common configurations in EWOD experiments. U is the applied bias.
Black and gray areas represent conducting and dielectric layers, respectively.

2.2.1 Materials and Experimental Setup

Electrodes used in our tests include gold bonding wires, gold plates, and indium

tin oxide (ITO) coated glass slides. The gold wire was 25 µm in diameter, su�ciently

small to have little influence on droplet shape when inserted. The contact area be-

tween the gold and the liquid was controlled by partially coating the wire with a thick

insulating layer of nitrocellulose. Planar electrodes were fabricated on silicon wafers

by depositing a 100 nm thick gold layer using an electron beam evaporator. All sam-

ples were cleaned using standard micro-fabrication cleaning procedures to minimize

surface contamination. The ITO coated glass slides (30-60 nm thick ITO, obtained

from Sigma Aldrich) had an optical transmittance greater than 84%, allowing the

verification of the wetted area through direct optical observation.

The dielectric was a hydrophobic fluoropolymer, Cytop CTL-809M, supplied by

Asahi Glass. The Cytop was diluted to a 1wt% solution by mixing with solvent

CT-Solv.180, and was deposited on planar electrodes by spin-coating (2000 rpm, 30

seconds). In our experiments, multiple spin depositions were employed to achieve
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the desired thickness. A short-duration, low-temperature partial drying step was

carried out at 90�C for 15 minutes before applying the next layer. A one hour final

cure at 160�C was employed to fully remove the remaining solvent, which improves

layer adhesion to the substrate and reduces pinholes and defects intrinsic to the

fluoropolymer material [37].

The impedances were measured using an HP 4192A Impedance Analyzer. The

test signal consisted of a zero DC bias voltage with a small AC perturbation. The

instrument has a full frequency range of 5 Hz to 13 MHz and a full oscillation level of 5

mV to 1.1 V. To achieve a better resolution of the measured results and to guarantee

that the test AC signal does cause any EWOD e↵ect, a nominal frequency range of 1

kHz to 13 MHz and a perturbation level of 10 mV were chosen. With the frequency

range and perturbation level of our choice, the instrument is capable of achieving a

resolution better than 0.1% of the full-scale range. Multi-strand Litz wires were used

to connect the sample to the instrument to reduce the parasitic resistance from the

leads arising from the skin e↵ect at high frequencies [38].

2.2.2 Wire Electrode/Liquid Interface

The first experiment examined the impedance of a dual gold wire / electrolyte

solution interface.

15



(a) (b)

(c)

Figure 9: (a) Experimental setup; (b) equivalent circuit; (c) impedance magnitude
(left) and phase (right) spectra for two gold wires immersed in Na2SO4 solutions with
concentration of 0.005M (red), 0.05M (blue), and 0.5M (green).

As is shown in Figure 9a, the experimental setup consists of two partially insulated

Au wires inserted into a sessile drop of x mol/L Na2SO4 solution (x = 0.005, 0.05,

0.5). The length of the bare wire segments was about 800 µm. Typical impedance

spectroscopy results are shown in Figure 9c for three di↵erent solution concentrations.

In each curve the double layer capacitance is dominant at low frequencies, yielding a

phase close to -90� and a magnitude slope of -1 decade per decade of frequency. Over

the middle and high range of frequencies the impedance is dominated by the droplet

resistance, where the phase approaches 0� and the magnitude curve has zero slope.

The decrease in phase at very high frequencies (and corresponding fall in impedance

magnitude) is due to the stray capacitance of the test fixture and instrument leads.
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The stray capacitance, which is e↵ectively in parallel with the device under test,

is very small, typically a few pF. Such a small capacitance yields a parallel stray

impedance orders of magnitude greater than the device impedance at low frequencies.

The measured impedance is therefore dominated by the device impedance over much

of the frequency range examined, since the smaller impedance largely determines

the total impedance in a parallel circuit. At high frequencies, however, the stray

impedance is much smaller as it is inversely proportional to frequency. For electrolytes

having a larger bulk resistance (i.e., lower concentration) the stray impedance then

becomes non-negligible at high frequencies, causing the phase to decrease towards

-90�. The equivalent circuit representing the system (ignoring the stray impedance)

is a series combination of the electric double layer (EDL) impedance at the electrode/

electrolyte interface ZEDL1, the resistance of the bulk electrolyte solution RS, and the

electric double layer impedance at the counter-electrode/ electrolyte interface ZEDL2

in Figure 9b. The total impedance Z is thus

Z = ZEDL1 +RS + ZEDL2 (2)

The EDL is a specific interfacial region formed when an electrode is exposed to an

electrolyte solution [32]. Its concept visualizes the ionic environment in the vicinity

of a charged surface. Ideally, the electric double layer elements exhibit capacitive

behaviors in the absence of Faradaic processes. In our experiments, however, the

double layer invariably behaves like a CPE, where the impedance can be described

by a power-law function of frequency [33]:

ZEDL(!) = K(j!)�↵ (3)

The CPE model describes the frequency dependence of the double layer impedance
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observed in electrochemical experiments; empirically, the exponent ↵ is in the range

0 < ↵ < 1. When ↵ = 1, the impedance reduces to that of an ideal capacitor

whose capacitance is K

�1. Current models for the origin of CPE behavior focus

on two mechanisms: (1) the rough surface (with a porous or fractal geometry) of

the electrode alters the e↵ective solution resistance, which, combined with a uniform

double layer capacitance, results in a phase angle independent of frequency; [34]

(2) current density inhomogeneity caused by the atomic scale inhomogeneity of the

electrode surface acting jointly with kinetic process such as phase transition and anion

adsorption. [35]

Numerical values of the parameters K and ↵ in the equivalent circuit were found

by fitting the model to the experimental data using a multidimensional nonlinear

minimization technique. Figure 10 shows the experimental magnitude and phase

data and the corresponding fitted result for the test using the 0.5 M Na2SO4 solution.

The stray element is also included in the fitting to account for the impedance at high

frequencies. Fitted parameters are: ↵ = 0.95, K = 4.10⇥ 108⌦( rad
s
)↵, RS = 293⌦.

(a) (b)

Figure 10: Parameter fitting for two gold wires immersed in 0.5 M Na2SO4 solution.

In order to correctly model and predict the electrical behaviors of the EDL el-

ement at the electrode/ electrolyte interface, the CPE model must be used instead

18



of a first order RC model. Yet since the CPE power parameter ↵ is close to unity

in our experiments, the K parameter should correlate to the EDL capacitance and

the contact area to some extent. In this experiment, the wire electrode/ electrolyte

interface has an area of ⇠10�4 cm2 (note that the wire length is ⇠800 µm and

wire diameter is ⇠25 µm). Taking the EDL thickness tEDL to be 0.7 nm and the

EDL dielectric constant "r EDL to be 6 [36], the EDL capacitance is calculated to be

CEDL = "0"
r EDL

A
EDL

t
EDL

⇠ 10�8F, which is on the same order of magnitude with the

fitted parameter K

�1. Therefore, although a simple capacitor model is not able to

describe the electrical behaviors of the EDL element precisely, it is capable of provid-

ing a rough estimation of the EDL impedance. The same values of parameters K and

↵ also provide good fitting of the test data for the 0.05M and 0.005M Na2SO4 solu-

tions. The fitted parameters for measurements with solutions of di↵erent molarities

are listed in Table 1. Here the performance index “rval” is calculated as

rval =
13MHzX

f=1kHz

(
Rexp �R

Aexp

)2 +
13MHzX

f=1kHz

(
Xexp �X

Aexp

)2, (4)

where Rexp, Xexp, and Aexp are the resistance, reactance, and amplitude of the mea-

sured impedance, and R, X, and A are those of the modeled impedance.

Table 1: Fitted parameters for the wire electrode/liquid interface experiments.

Molarity(M) K(⌦( rad
s
)↵) ↵ RS(⌦) Cstray(pF) rval

0.5
4.10⇥ 108 0.95

293 7.84 0.3126

0.05 1.75k 4.38 0.8369

0.005 13k 4.39 0.3854
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2.2.3 Planar Electrode/Liquid Interface

The second experiment examined the impedance of the dual planar gold elec-

trode / electrolyte interface. In this experiment, a droplet of solution (⇠20 µL) was

sandwiched between two gold electrodes, as shown in Figure 11. The wetted area

on each electrode was controlled using an insulating O-ring (inner diameter ⇠0.23

cm, thickness ⇠0.16 cm) to define the contact line. The equivalent circuit for this

configuration is identical to that in Figure 9b. Typical measured impedance spectra

for this experiment (using 0.5M Na2SO4), along with the fitted model are shown in

Figure 12. The fitted parameters are: ↵ = 0.89, K = 6.67⇥ 105⌦( rad
s
)↵, RS = 29.8⌦.

Figure 11: Experimental setup for testing planar electrode/liquid interface.

(a) (b)

Figure 12: Experimental impedance and fitted model (0.5M Na2SO4).

The CPE power parameter ↵ is di↵erent between the wire and the planar electrode

configurations. The reason for this variation is not understood at this time. The

parameter K in the model of the wire experiment is significantly larger than that
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in the planar gold electrode test, which can be attributed with confidence to the

significantly smaller wetted area of the wire/liquid interface in the wire test. Assuming

a cylindrical shape for the drop (lower radius is 0.23 cm and height is 0.16 cm) and

a 42.7 mS/cm conductivity for the 0.5M Na2SO4 solution [56], we can estimate the

series resistance of the drop to be RS = 1
42.7mS/cm

· 0.16cm
⇡0.232cm2 = 22.5⌦. This is in fair

agreement with the fitted value of 29.8 ⌦.

2.2.4 Dielectric/Liquid Interface

(a) (b)

Figure 13: (a) Experimental setup; (b) equivalent circuit for the planar dielectric/
liquid interface test.

The third experiment examined the planar dielectric/ liquid interface using the

setup shown in Figure 13a, where a liquid drop is sandwiched between two parallel

ITO electrodes, each covered with a Cytop film. (Since the ITO has a relatively large

sheet resistivity (30-60 ⌦/sq). Its impedance may not be negligible when considering

the total impedance of the system. To solve this, the upper and lower plates were

assembled so as to make the ITO resistance contribution constant in all of the exper-

iments, regardless of changes in droplet position.) Measured impedance magnitude

and phase spectra and the extracted reactance spectra are shown in Figure 14.
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(a) (b)

(c)

Figure 14: (a) Impedance magnitude and (b) phase spectra and (c) reactance spectra
for Cytop coated ITO slides in contact with a 0.5M Na2SO4 liquid drop. Curves in
various colors represent tests with di↵erent contact areas; ”d” in the legend denotes
the contact circle diameter.

The system has an equivalent circuit (Figure 13b) consisting of several lumped

elements in series: the dielectric (Cytop) capacitance, the solution resistance, and

elements characterizing the electrode double layers. Since the upper and lower con-

tact diameters were confirmed to be identical via optical microscopy, the dielectric

capacitance and double layer impedance of the upper and lower plates are taken to

be the same. As discussed in the previous section, the double layer impedance is well

22



described with the CPE model. The total impedance can then be expressed as

Z(!) = RS + 2Zcytop + 2ZEDL

= RS + 2
1

j!Ccytop

+ 2K(j!)�↵

= RS +
2

j2⇡f "0"r⇡d2

4t
cytop

+ 2K(2⇡f)�↵
exp[j(�↵

⇡

2
)]

= RS + 2K(2⇡f)�↵
cos(↵

⇡

2
)� j[

4tcytop
⇡f

+ 2K(2⇡f)�↵
sin(↵

⇡

2
)]

(5)

where d is the contact area diameter, and tcytop is the Cytop layer thickness. The last

line of this expression illustrates that both the resistive (real) and the reactive (imagi-

nary) components of the impedance are not simple functions of frequency. However, as

can be seen in Figure 14c, the experimental reactance spectra are linear in frequency,

indicating first order RC behaviors. The double layer thickness is much smaller than

the dielectric thickness (by at least an order of magnitude), so the impedance asso-

ciated with the dielectric capacitance dominates that of the double layer (note that

the area of both are the same). As a result, the total impedance is determined by

the dielectric. The error when ignoring the double layer in this experiment is of the

order of 0.01%.

Therefore, the third experimental setup can be well modeled without resort to

any CPE terms, i.e.

Z(!) = RS + 2
1

j!Ccytop

= RS � j

4tcytop
⇡f"0"r⇡d

2
(6)

Typical impedance spectra along with the fitted models are shown in Figure 15. The

diameter d of the wetted area in this case was 2.3 mm, the Cytop thickness tcytop was

29 nm, and the dielectric constant of Cytop "r was 2.1. Data from experiments with

other wetted areas could also be modeled well with the RC model. The fitted series
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resistance RS is 193 ⌦. The only di↵erence is that a proportionally scaled dielectric

capacitance and bulk resistance must be used due to the di↵erence in wetted areas.

(a) (b)

Figure 15: Typical impedance spectra and model impedance for Cytop coated ITO
slides in contact with a 0.5M Na2SO4 liquid drop.
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2.3 Impedance of Typical EWOD Arrangements and Impli-

cations for Area Determination

We first consider the total impedance of the three EWOD setups shown in Figure

8 with the goal of determining the dominant impedance (if any) in each case. Such an

analysis indicates the degree to which the total impedance is dependent on the wetted

area of the dielectric. The analysis, therefore, indicates to what extent impedance

data can be used to identify wetted area.

2.3.1 EWOD with Wire Electrode

We now examine the impedance of a typical EWOD experiment, consisting of a

sessile liquid droplet on a planar dielectric-coated electrode with a thin wire inserted

into the droplet as the counter electrode, as shown in Figure 8a. The equivalent circuit

of this configuration is a series combination of the EDL impedance at the wire/liquid

interface, the bulk resistance of the droplet, and the dielectric capacitance at the

liquid/ planar dielectric interface, therefore

Z(!) = K(j!)�↵ +RS +
1

j!Cdielectric

(7)

We now examine the relative magnitude of these terms. As the exponent ↵ is close

to 1 in all cases, the EDL impedance can be fairly well approximated as a parallel-

plate capacitor with area AEDL and thickness tEDL. Thereby, Equation 7 can be

approximated as

Z(!) =
tEDL

j!"0"r EDLAEDL

+RS +
tdielectric

j!"0"r dielectricAdielectric

(8)
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The impedance ratio of two capacitances is then

| ZEDL

Zdielectric

| = tEDL

tdielectric

· "r dielectric

"r EDL

· Adielectric

AEDL

(9)

In Equation 9, tEDL is typically less than 1 nanometer for concentrated aqueous

solutions [36], and tdielectric is generally tens to hundreds of nanometers in most thin-

film EWOD systems. Thus, the order of magnitude of the first term tEDL/tdielectric

would be approximately 10�1 ⇠ 10�3. The second term, "r dielectric/"r EDL, is in the

range of 10�1 ⇠ 1, taking typical values of "r dielectric to be 2.1 (Cytop), 3.9 (Silicon

dioxide), or 9.1 (Aluminum oxide) and "r EDL to be 6 [36]. The liquid/dielectric

interface area Adielectric is much larger than the thin wire/liquid interface area AEDL,

by a factor of 104 ⇠ 105. Therefore, |ZEDL/Zdielectric| will normally take a range from

1 to 104. As a result, |ZEDL| is typically much larger than, or at least comparable to,

|Zdielectric|, taking a dominant role in the impedance spectrum. Therefore, to use the

total impedance of the system as a measure of the wetted area of a sessile drop, the

top wire must have a much larger area than typical (perhaps via high porosity) to

compensate for the great disparity in thickness between the two capacitive elements.

To more concretely support this conclusion, let us consider this setup with some

typical numbers. Consider an aqueous sessile drop with a Cytop layer in an air

ambient environment. Typically a sessile contact angle of 110� is exhibited. For a

10 µL-scale sessile droplet, the radius of the contact circle is approximately 2 mm.

In thin-film electrowetting applications, the thickness of the dielectric layer ranges

from tens to hundreds of nanometers. If we assume the Cytop thickness to be 50

nm to 500 nm, this will result in a dielectric capacitance of 4.67 to 0.467 nF. At

1 kHz, this dielectric capacitance yields an impedance magnitude of 3.4 ⇥ 104⌦ to

3.4⇥105⌦. The other important component that has a non-negligible contribution to
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the total impedance is the EDL at the wire electrode/ electrolyte interface. Assuming

one uses the same wire with a similar contact area as the experiments illustrated

in Section 2.2.2, this EDL will contribute an impedance of |ZEDL| = |A(j!)�↵| =

|(4.10 ⇥ 108)(j2⇡ · 1000)�0.95|⌦ = 105⌦ at 1 kHz. Therefore, in this setup, the EDL

component at the wire/ liquid interface dominates the total impedance. Given the fact

that the EDL impedance changes with various applied bias [39], the total impedance

spectra would not intuitively reflect the wetting behavior at the dielectric/ liquid

interface.

2.3.2 EWOD with Planar Electrode

For EWOD setups with a parallel plate configuration as shown in Figure 8b, the

equivalent circuit is a series combination of the EDL impedance at the upper plate

interface, the bulk solution resistance, and the dielectric capacitance at the lower plate

interface. This is similar to the scenario analyzed in Section 2.3.1; the only di↵erence

is that the EDL element here has an area comparable to the dielectric capacitor.

The impedance ratio of the EDL capacitance and the dielectric capacitance can still

be described with Equation 9. Since the areas are comparable in this case, both

the second and third term on the right hand side of the equation have a numerical

value close to one. Since the thickness ratio tEDL/tdielectric typically has a value of

10�1 ⇠ 10�3, as discussed in Section 2.3.1, the dielectric capacitance will dominate

the total impedance spectrum.

We now consider this setup with some typical numbers. If the upper plate is a

planar gold electrode similar to that in Section 2.2.3, a good estimate of the impedance

at 1kHz contributed by the EDL element at the upper interface with a contact area

of about 0.16 cm2 would be |ZEDL| = |A(j!)�↵| = |(6.67⇥ 105)(j2⇡ · 1000)�0.89|⌦ =

278⌦. Still taking the 50-500 nm thick Cytop layer as the dielectric, a contact area of
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0.16 cm2 yields a dielectric capacitance of 5.9 - 0.59 nF, contributing an impedance

that is 2.7 ⇥ 104 � 2.7 ⇥ 105⌦ in magnitude at 1 kHz, which is 2 to 3 orders of

magnitude larger than the EDL impedance at the same frequency. Therefore, in this

setup, the dielectric capacitance dominates the total impedance, and the wetted area

can be directly extracted from the impedance spectrum of the system.

2.3.3 EWOD with Insulated Electrode

For EWOD setups using insulated electrodes on both sides, as shown in Figure 8c,

the situation will be the same as that examined in Section 2.2.4. The EDL element

at the dielectric/ liquid interface is negligible and the total impedance spectra is a

reflection of the series combination of the dielectric capacitance at the upper and

lower plates.

2.3.4 Invariance with Varying Bias

For the above models to be employed in determining droplet configuration in an

EWOD system, the capacitance per unit area must be invariant to changes in the bias

voltage applied. To demonstrate this, we measured the C-V characteristic of a EWOD

setup with parallel planar electrodes. The bare electrode plate is an evaporated gold

surface, while the other electrode is an aluminum layer, covered with an anodized

aluminum oxide layer (43 nm) and a Cytop hydrophobic layer (17 nm). The aqueous

electrolyte used is a 0.1 M Cs2SO4 solution. The change in cation from previous

tests does not a↵ect the results presented. The schematic of the setup is similar to

that shown in Figure 8b, except that the liquid drops contact line is pinned on both

plates by an insulating paint that defines circular regions. The contact area at the

electrode/liquid and dielectric/liquid interface have diameters of ⇠0.37 cm and 0.28

cm respectively; their areas are fixed. During the experiment, the bare gold electrode
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is grounded while the aluminum electrode is positively biased. Bias voltage is swept

from 0 to 10 V, with a step of 0.2 V. A 10 mV sinusoidal perturbation voltage at

100 kHz is added to the bias for determining the impedance. A similar experiment

was carried out with the same setup, the only di↵erence is that the dielectric used

was a thick Cytop hydrophobic layer (⇠457 nm). Measured C-V results are shown in

Figure 16 for both experiments.

(a)

(b)

Figure 16: Measured C-V result for a parallel plate EWOD setup with the droplet
pinned on both sides with the dielectric being: (a) a bilayer composed of a 43 nm
aluminum oxide layer topped by a 17 nm Cytop hydrophobic layer; (b) a single 457
nm Cytop layer.
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As can be seen from the figure, the measured capacitance remained constant with

varying bias in each experiment. As the contact area at the electrode/ electrolyte

interface is larger than that of the dielectric/ electrolyte interface, with the analysis

in the previous section, one may predict that the measured capacitance is a direct

reflection of the dielectric capacitance. Using the dielectric permittivity, thickness,

and the contact diameter, the dielectric capacitance of the Al2O3 Cytop bilayer was

estimated to be 4.23 nF, which closely matches the measured value. Therefore, the

capacitance of the system is a direct measure of the contact area at the dielectric

surface, and, since the wetted area is held fixed in the experiment, the capacitance

per unit area is invariant to the bias voltage used.
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2.4 Conclusion

The electrical properties of several experimental EWOD configurations were an-

alyzed using impedance spectroscopy. Models were developed and validated using

experimental data. The wire electrode/ liquid interface and planar electrode/ liquid

interface exhibit electric double layer behaviors which can be well characterized us-

ing a constant phase element (CPE) model. The planar dielectric/ liquid interface

comprises a series combination of the dielectric capacitances and the electric double

layers, yet exhibits first order RC behavior overall since the dielectric capacitance

dominates that of the CPE in the impedance spectra.

Three typical electrowetting setups were examined. For (a) a conventional setup

with an inserted wire, the EDL at the wire electrode dominates the impedance spec-

trum. For (b) a parallel plate setup, with one plate being a bare electrode and the

other covered with a dielectric, the impedance of the EDL element at the bare elec-

trode plate is much smaller in comparison to the dielectric capacitance. For (c) a

parallel plate setup with two dielectric covered electrodes, the impedance is domi-

nated by the series combination of these dielectric capacitances and the EDL can be

ignored. Therefore, in order to interrogate drop configuration via impedance spec-

troscopy, EWOD setups need to be properly designed so that the dielectric capaci-

tance dominates the total impedance spectrum of the system. This can be achieved

for either parallel plate setups we have described. The inserted wire setup can only

be used if the surface area of the wire is greatly enhanced.

31



3 Interrogation of Droplet Configuration

3.1 Introduction

With the analysis in Chapter 2, we concluded that wetted area could be directly

extracted from the impedance spectra of the system when the setup of the EWOD

system ensures that the capacitance of the dielectrics wetted area dominates the total

impedance spectrum. With the wetted area known, various parameters regarding the

configuration of a microliter aqueous droplet, including contact angle, liquid/ ambient

interfacial tension, and volume, can be accurately determined by solving for the cap-

illary shape of the drop. This being a well-posed mathematical problem, it could be

solved quickly and precisely with a well-developed computer program. Therefore, it

has the potential to expand the application of the electrical characterization method

to more and di↵erent EWOD setups.

3.2 Experiments

3.2.1 Approaches

The device under test consists of a droplet of conducting liquid spanning between

two parallel plate electrodes and forming a capillary bridge, as shown in Figure 17.

The bridge contact line is pinned on the lower plate (referred to as the passive surface)

and electrowets on the upper plate (referred to as the active surface) when a voltage

bias is applied between the two electrodes. A dielectric layer is present on the active

surface electrode while the passive surface electrode is uncovered.
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Figure 17: Experimental setup: Parallel plate configuration with the liquid bridge
pinned on lower surface and electrowetting on upper surface.

Figure 18: Electrical impedance model of experimental setup.

An electrical impedance model of the device, shown in Figure 18, consists of four

elements in series: (1) the capacitance of the wetted area of the dielectric layer on the

active surface, Cd; (2) the resistance of the liquid bridge, Rb; and (3&4) the impedance

of the electrical double layers at the liquid/solid interfaces, ZEDL1 and ZEDL2. This

approach to interrogating droplet configuration relies upon the impedance of the elec-

trical double layers being much smaller than that of the dielectric layer. In this case,

the measured capacitance of the circuit will be that of the dielectric layer. In this

chapter, we demonstrate the e�cacy of two approaches for interrogating droplet con-

figuration using electrical impedance measurements, including the determination of

contact angle during electrowetting:

Approach I (Problem I): If ✓0 and � are unknown, the contact angle may be deter-

mined without using Equation (1), provided the thickness and permittivity of the

dielectric as well as the liquid bridge volume and height are known. Since the wetted

area A is directly proportional to the measured capacitance, the contact radii may be
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determined. Given the boundary condition on the passive surface, the droplet vol-

ume, and bridge height, the contact angle on the active surface may be found using

the wetted area by exploiting Plateau’s solutions for the shape of an axisymmetric

capillary bridge [40, 41].

Approach II (Problems II, III, and IV): With capacitance measurements at several

voltage values, Equation (1) may be employed together along with Plateau’s solution

to determine the contact angles at each voltage, droplet volume, and the interfacial

tension of the liquid/ambient fluid interface. Only the permittivity and thickness of

the dielectric layer are needed to carry out this identification.

3.2.2 Materials and Fabrication

In the experiment, the lower (passive) surface was a planar gold electrode fab-

ricated by electron beam physical vapor deposition (EBPVD) on a silicon wafer.

Insulating electrical tape (Vinyl Tape, VWR) with a punched circular hole (radius =

0.165 cm) was placed on this surface to pin the lower contact line. The diameter of

the hole was measured with an optical microscope. The upper plate, serving as the

active surface, is an indium tin oxide (ITO) electrode (SnO2:In2O3, Sigma-Aldrich,

30-60 ⌦/sq, 300-600 Å) covered by a 400-500 nm thick hydrophobic fluoropolymer

dielectric layer. To fabricate this film, two layers of 5wt% Cytop (CTL-809M, Solvent

CT-Solv.180, Asahi Glass) were spin-coated on the ITO electrode. A low-temperature

half-dry (90�C, 15 minutes) is performed after spinning the first layer. A final high-

temperature annealing at 160�C follows the second spinning to enhance layer adhesion

to the substrate. The conducting liquid used was a 0.1M sodium sulfate aqueous so-

lution. All tests were carried out in a surrounding insulating silicone oil environment.

The oil used was a mixture of Dow Corning OS-10, OS-20, and OS-30 (1:8:1 by

weight). [42] Because of the ambient oil environment, losses of the bridge solution
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due to evaporation during testing were negligible. The surface energy of the oil/wa-

ter interface was experimentally determined via a tensiometer to be 16.9 mN/m. The

gap between plates was set using spacers cut from silicon wafers. To prevent a poten-

tial leakage path between the upper and lower electrodes, the spacers that support

the upper plate were placed on the test stage instead of directly on the lower plate.

3.2.3 Electrowetting and Impedance Spectroscopy

Electrowetting test and synchronous C-V characterization were performed using

the HP 4192A Impedance Analyzer. The DC bias for electrowetting on the active

surface was applied with the internal bias supply of the analyzer. The bias was

increased during a test with steps of 0.2 V by a LabView program that recorded the

impedance measurement. The impedance analyzer was operated in average mode,

where the output at each bias was the average of seven measurements. The test signal

was a sinusoidal signal provided by the analyzers internal frequency synthesizer, the

frequency and signal level of which are 100 kHz and 50 mVrms, respectively.

3.2.4 Dominance of Dielectric Layers Impedance

As demonstrated in the previous chapter, the electric double layer (EDL) impedance

at the metal/ electrolyte interface can be well described with the constant phase ele-

ment (CPE): ZEDL(!) = A(j!)�↵. Previous experiments have shown that the typical

value of ↵ for 0.5M Na2SO4 solution/ flat gold interface is 0.89. The other parameter

A, however, varies with di↵erent contact area and ranges from 105 to 108 ⌦( rad
s
)↵ for

typical contact area values of about 10�6 to 10�1 cm2 in our experiments.

A brief calculation is reviewed here that indicates the validity of the hypothesis

of dielectric layer dominance for the experiment. Model parameters were assigned

typical numeric values. For the CPE at the lower plate interface, the contact area
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is 0.086 cm2 calculated from the hole radius of 0.165 cm. Therefore, assuming A =

105⌦( rad
s
)↵ and taking ↵ to be 0.89, the EDL magnitude at 100 kHz is calculated to

be

ZEDL = A(j2⇡f)�↵ = 0.69⌦ (10)

For the dielectric capacitance at the top plate, assuming a dielectric thickness tcytop=457

nm and contact circle radius ru=0.165 cm, the dielectric capacitance is

Cdielectric =
"0"d⇡r

2

tcytop

= 348pF (11)

Corresponding impedance magnitude contributed by the dielectric layer at 100

kHz is then calculated to be

|Zdielectric| = | 1

2⇡fCdielectric

| = 4570⌦ (12)

It is clear that the magnitude of the EDL impedance ZEDL is only 0.015% of

that of the dielectric impedance Zdielectric, and therefore is negligible in the series

equivalent circuit. As a result, the capacitance of the dielectric can be assumed to be

equivalent to the measured capacitance.

The key factor in achieving this dominance property is the ratio of the wetted di-

electric area to the wetted passive electrode area. If this ratio is high, the impedance

of the electrical double layer will dominates the total impedance spectrum and it

will be di�cult to determine the wetted active surface area from the collected data.

To be more specific, since we are using the existing electrical contacts to perform

the measurement, the measured impedance will always be the total impedance of

the system. Therefore, to use the electrical measurement to characterize EWOD,

one needs to make sure that the wetted area can be correctly extracted from the
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measured impedance data. For example, Verheijen and Prins [26] measured the C-

V characteristic of the most commonly seen EWOD setup containing a sessile drop

resting on a flat dielectric-covered electrode with a metal probe as the counter elec-

trode. They then calculated the contact area directly from the capacitance data using

known dielectric properties. If the dielectric layer in the setup is now switched to a

much thinner one (from ⇠10 µm to ⇠30 nm), their method would not work since

the dielectric capacitance is much larger and the total capacitance will be dominated

by the double layer element at the probe/liquid interface. A detailed analysis on the

electrical models of various elements appeared in EWOD setups and related typical

parameter values can be found Chapter 2.
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3.3 Results and Discussion

3.3.1 Capacitance-Voltage Results

The measured C-V result is shown in Figure 19a. During the measurement, the

active surface electrode is always held at higher potential than the passive surface

electrode. Upon the application of an increasing bias, the bridge electrowets the

active surface, increasing the contact area and therefore the measured capacitance.

Using the known dielectric thickness (457 nm) and permittivity ("r = 2.1 for Cytop),

the corresponding wetted area radius was calculated by

ru =

r
Cdtd

"0"d⇡
(13)

and is shown in Figure 19b. The wetted area determined from this measurement is

the same as that obtained from direct optical measurements of the droplet diameter.

(a) (b)

Figure 19: (a) Measured C-V result and (b) calculated radius of wetted area (ru).

3.3.2 Modeling Theory and Method

We first introduce two conditions that are critical for the modeling of the bridge

shape. First, note that the capillary length hc, defined as hc =
q

�
�⇢·g , is 0.281 cm for
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our experiment. Here �⇢ denotes the density di↵erence between liquid and oil and g

denotes the gravitational acceleration. Since the capillary length is much larger than

half of the bridge height 0.022 cm, gravitational forces is insignificant in comparison

to the surface tension and may be neglected in finding the bridge shape. [43] Second,

as the experiment was carried out in oil ambient, evaporation loss of the bridge is

nonexistent.

Under these conditions, the profile of the axisymmetric capillary bridge between

two parallel plates may be categorized by the Plateau sequence of shapes. [44] With

the introduction of the non-dimensional capillary pressure p, the Plateau sequence

of shapes is classified into nodoid (p < 0, p > 1), unduloid (0 < p < 0.5, 0.5 <

p < 1), and special cases of catenoid (p = 0), cylinder (p = 0.5), and sphere (p =

1). To explain the modeling approach in greater detail, we first introduce several

definitions. Let ⇢ denote the non-dimensional profile radius and ⇣ denote the non-

dimensional axial coordinate. Define the non-dimensional radii ⇢0 and ⇢1 in terms

of the non-dimensional pressure p via: ⇢0 = |p| and ⇢1 = |1 � p|. Finally, let �(⇢)

denote the non-dimensional bridge volume, ⇣(⇢) denote the non-dimensional axial

coordinate, ✓ denote the contact angle, and  denote the scale factor that connects the

corresponding non-dimensional and physical parameters. Then the upper and lower

contact radii, axial coordinate, and bridge volume can be expressed as: ru = ⇢u,

rl = ⇢l, z = ⇢, Vn = 

3
⇢. The analytical expressions characterizing the Plateau

sequence of shapes are summarized in Table 2. Note that all of these coordinate,

angle, and volume functions are implicit functions of p.
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Table 2: Analytical expression of the Plateau sequence.

Bridges with “neck” Bridges with “haunch”

p < 0 p = 0 0 < p < 0.5 p = 0.5 0.5 < p < 1 p = 1 p > 1

Nodoid
� = �1

Catenoid
Unduloid
� = +1

Cylinder
Unduloid
� = +1

Sphere
Nodoid
� = �1

N
ot
at
io
n

q1 =
p

1� ⇢0
2
/⇢1

2

�1 = arcsin(q1�1
p

⇢0
2
/⇢

2

/
q2 =

p
1� ⇢1

2
/⇢0

2

�2 = arcsin(q2�1
p
⇢

2
/⇢0

2

S
h
ap

e

⇣(⇢) = ⇢1E(�1, q1) + �⇢0F (�1, q1)

�⇢

�1
p

(⇢2 � ⇢0
2)(⇢02 � ⇢

2)
⇢ = ⇢0

⇣(⇢) = ⇢0E(�2, q2)

+(1� ⇢0)F (�2, q2)

S
lo
p
e tan ✓ = d⇣/d⇢

cos2 ✓ = (⇢2 � ⇢0
2)(⇢12 � ⇢

2)/⇢2

V
ol
u
m
e

�(⇢) = 2
R ⇢

⇢0
⇡⇢̃⇣(⇢̃)d⇢̃

= 2
3
⇡⇢1|�E(�1, q1)� ⇢0

2
F (�1, q1)

�(�2 + ⇢

2)
p

(⇢2 � ⇢0
2)(⇢12 � ⇢

2)
/(⇢0⇢1)|

� = 2⇢02 + 2⇢12 + 3�⇢0⇢1

⇡⇢0
2
⇣(p)

�(⇢) = 2
R ⇢

⇢0
⇡⇢̃⇣(⇢̃)d⇢̃

= 2
3
⇡|�⇢0E(�2, q2)� ⇢0⇢1

2
F (�2, q2)

+⇢

p
(⇢2 � ⇢1

2)(⇢02 � ⇢

2)|

� = 2⇢02 + 2⇢12 + 3�⇢0⇢1

Each capillary bridge profile must fall within one of three cases:

• Case 1: Bridge with neck or haunch;

• Case 2: Bridge without neck that satisfies ⇢1 > ⇢u > ⇢l > ⇢0, or bridge without

haunch that satisfies ⇢0 > ⇢l > ⇢u > ⇢1;

• Case 3: Bridge without neck that satisfies ⇢1 > ⇢l > ⇢u > ⇢0, or bridge without

haunch that satisfies ⇢0 > ⇢u > ⇢l > ⇢1.

Illustrative profiles (unduloid shape) can be found in Table 3.
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Table 3: Illustrative profiles for axisymmetric bridges with unequal contact angles.

Case 1 Case 2 Case 3

⇢

0
<

⇢

1
⇢

0
>

⇢

1

Analytical expressions characterizing the more general bridge height and volume

for these bridges are:

For Case 1: 8
>><

>>:

⇣1 = ⇣(⇢u, p) + ⇣(⇢l, p)

�1 =
1
2
[�(⇢u, p) + �(⇢l, p)]

(14)

For Case 2: 8
>><

>>:

⇣2 = ⇣(⇢l, p)� ⇣(⇢u, p)

�2 =
1
2
[�(⇢l, p)� �(⇢u, p)]

(15)

For Case 3: 8
>><

>>:

⇣3 = ⇣(⇢u, p)� ⇣(⇢l, p)

�3 =
1
2
[�(⇢u, p)� �(⇢l, p)]

(16)
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3.3.3 Problem I: Find the Contact Angle

With the measured C-V data and calculated contact radius (Figure 19), our first

problem is to find the contact angle change as a function of applied bias voltage. In

other words, the mathematical problem to be solved in Problem I is: Given bridge

volume V , height h, upper and lower wetted area radii ru and rl, find the bridge shape

and the upper surface contact angle.

To solve for this problem, we must first assume which of the three bridge-profile

cases applies. Denoting the case by integer i (i = 1, 2, 3), the solution may then be

determined by solving the following two-dimensional root finding problem:

8
>><

>>:

h = ⇣i(⇢u, ⇢l, p) = ⇣i(
1

ru,

1

rl, p)

V = 

3
�i(⇢u, ⇢l, p) = 

3
�i(

1

ru,

1

rl, p)

(17)

where h, V , ru, rl are the known values and p,  are the unknown variables. Once

p and kappa are found, the bridge shape is uniquely determined. The contact angle

at the active surface can then be determined by calculating the profile slope at the

three-phase contact line. If the wrong case is assumed, one would not be able to find

a solution to Equation (17).

Using the droplet volume (4.2 µL), droplet height (0.044 cm), lower contact line

radius (0.165 cm), and the calculated contact line radius for the active surface (shown

in Figure 19b), the root finding problem was solved for each bias voltage value using

a Mathematica program. The computed contact angles are plotted in Figure 20 as

a function of the applied bias voltage. The electrowetting behavior predicted by the

LY equation is also included. For calculating the LY curve, experimentally obtained

values of surface tension and dielectric properties were used. The calculated values

of contact angle found via Approach I closely match those obtained from the LY
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relationship. In our experiment, the gap between electrodes is in the µm range. In

addition, the setup is placed in an acrylic container filled with oil, which makes the

contrast between the liquid drop and ambient environment extremely poor. Therefore,

it is extremely di�cult to determine the contact angle using conventional side-view

imaging. However, the contact circle diameter at the active surface (top ITO plate)

has been optically confirmed with top-view imaging. Since the relationship between

the contact area and the wetting angle is known, this correspondence validates the

utility of using electrical interrogation to determine the contact angle as a function

of voltage.

Figure 20: Contact angle calculated by Approach I as a function of bias voltage. Also
shown is LY curve determined from oil/ electrolyte surface tension and layer dielectric
properties.

3.3.4 Problem II: Find the Surface Tension

The second problem we will solve is to determine the electrolyte/oil interface

tension from the impedance measurement results. The mathematical description for

this problem is: Given bridge volume V , height h, upper and lower wetted area radii

ru and rl, find the liquid/ambient interfacial tension.

As is shown in the previous section, provided the dielectric thickness and per-

43



mittivity, the contact radius at the active surface can be found from the capacitance

results via Equation (13). In this problem, denote the Plateaus solution at each ap-

plied voltage Uj as (pj,j), where j=0,1,2,,N. By solving (17) at voltage Uj for (pj,j),

the contact angle at the active surface ✓uj can be found in the same manner as in

Problem I. 8
>><

>>:

h = j⇣i(
1

j

ruj,
1

j

rlj, pj)

V = j
3
�i(

1

j

ruj,
1

j

rlj, pj)

(18)

As the angle changes with voltage as dictated by the LY relationship, surface tension

�j can then be found by solving the LY equation at each voltage Uj. The derived

explicit expression is

�j =
"0"d

2td(cos✓uj � cos✓u0)
Uj

2 (19)

With multiple capacitance measurements performed at di↵erent voltages Uj, the

value of � can be found for each measurement, and a final estimate can be obtained

by averaging these values. Using the capacitance results in Figure 19, the calculated

surface tension was found at each voltage and is plotted in Figure 21. Also shown

in the figure is the �=16.9 mN/m measured with a tensiometer. A tensiometer is

an instrument used to measure the surface tension at an air-liquid or liquid-liquid

interface. The type of tensiometer we used is a Willhelmy plate, where a plate orients

perpendicular to the interface and the force exerted on it due to wetting is measured

[45].
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Figure 21: Liquid/ambient interfacial tension � calculated by Approach II as a func-
tion of bias voltage.

At low voltages (approximately below 6 V), there is a large variation in the esti-

mates of surface tension. This is because there has been little change in ✓uj from the

zero voltage value ✓u0 due to contact angle hysteresis yielding a pinned contact line.

Contact angle hysteresis is defined as the di↵erence between the advancing (maximal)

angle and receding (minimal) angle, and can be experimentally observed as that the

static contact angle at a given location can be made to vary within certain limits

without causing perceptible movement of the contact line [46]. Averaging the values

of from 6 V to 20 V, where the data influenced more by contact angle hysteresis

are eliminated and the estimates are much more consistent, we find a final estimate

of � to be 16.3 mN/m, which is less than 4% lower than the value obtained with a

tensiometer.
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3.3.5 Problem III: Find the Drop Volume

As mentioned in the introduction, determining the liquid droplet volume is of-

ten of great importance in many EWOD related microfluidic applications. We will

demonstrate in this section that the droplet volume can be found with a high accu-

racy by utilizing the impedance measurement results. The mathematical problem to

be solved is: Given the liquid bridge height h, contact angle at the active surface ✓u,

upper and lower wetted radii ru and rl, find the bridge volume V .

For solution of this problem we will assume that the bridge height is known as

this is common in microfluidic devices. By applying a voltage Uj and performing a

capacitance measurement at this voltage, the wetted area or radius ruj at the active

surface can be found, if the dielectric layer properties are known. Then, with the

contact angle at the active surface ✓uj, the dimensionless pressure pj and the scale

factor j can be found by solving the following two-dimensional root-finding problem:

8
>><

>>:

h = j⇣i(
1

j

ruj,
1

j

rlj, pj)

cos

2
✓uj =

(⇢
uj

2�⇢02)(⇢12�⇢
uj

2)

⇢
uj

2

(20)

where ⇢uj = 1

j

ruj, ⇢0 = |p|, and ⇢1 = |1 � p|. The droplet volume can then be

calculated via V = j
3
�i(

1

j

ruj,
1

j

rlj, pj). In addition, if one is su�ciently familiar

with the system so that the initial contact angle ✓0 is known and that the applied

voltage does not exceed the saturation voltage, an estimate of the contact angle

✓uj can be found via the LY equation and the angle measurement can therefore be

omitted.

With contact angle predicted by the LY equation and the C-V results shown in

Figure 19, the droplet volume is calculated at each voltage Uj (j 6= 0) and plotted

in Figure 22. The initial contact angle is taken to be 150�. A final estimation of the
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droplet volume by averaging these volume values at di↵erent voltages is calculated to

be 4.21 µL. And the standard deviation of these values is calculated to be 0.01µL. The

final estimate diverges from the experimental value specified by the pipette dispenser

by about 0.2%, which is smaller than the accuracy of the dispenser.

Figure 22: Droplet volume calculated by Approach III as a function of bias volt-
age. Also shown is the experimental drop volume (4.20 µL) specified by the pipette
dispenser.

3.3.6 Problem IV

In Problem III, the initial zero bias contact angle ✓0 and the liquid/ambient surface

tension � are known and used for calculating the upper contact angle ✓uj in (19).

However, if one or both of these two parameters are unknown, they may still be

found by the following approach.

Let us start our analysis with the simpler case where � is known and ✓0 is unknown.

Specify a set of possible ✓0 values ✓0 k (k=1,2,3,,N). Then with each hypothetical
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value ✓0 k, the angle at each voltage Uj can be found with the LY equation. Following

an algorithm similar to Approach III, drop volume Vk,j at each voltage can then

be calculated. For each hypothetical ✓0 k, the variance of volume data Vk,j can be

calculated and is denoted Sk. Then the index k that corresponds to the minimum

value of Sk can be found and denoted kmin. Then, the solution to this problem

is chosen as the corresponding value of initial contact angle, ✓0 = ✓0 k
min

, and the

average of the computed values, V = 1
N
⌃jV(k

min

,j). This technique is now applied

to the data in Figure 19. The range of the hypothetical ✓0 values was 140�⇠160�;

set values were specified with an increment of 1�. The standard deviation Sk of the

calculated drop volume as a function of the initial angle ✓0 k is shown in Figure 23.

The minimum Sk value was achieved at ✓0 = 153�, and the corresponding average

drop volume is 4.23 µL. The di↵erence compared to the experimental values are 2%

and 0.7% respectively.

Figure 23: Standard deviation of calculated drop volume as a function of the assumed
initial contact angle.
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For the more di�cult problem where both ✓0 and � are unknown, a similar algo-

rithm can be used where hypothetical values of � are also postulated and an additional

loop of calculation is employed. The set of data that has the minimum variance then

gives the best estimates of ✓0 and �. This analysis technique was applied to the

capacitance data presented in Figure 19. Figure 24 shows the standard deviation in

the calculated volume as a function of assumed values of ✓0 and �. The minimum

variance yields the estimates ✓0 = 165�, �=26.5 mN/m, and V=4.35 µL. These esti-

mates may be compared to the actual values ✓0 = 150�, �=16.9 mN/m, and V=4.20

µL. As can be seen in Figure 24, there is a long and narrow region in the parameter

space where the variance is essentially the same as the minimum value. This makes

it di�cult to determine the estimates accurately, as this algorithm intrinsically has a

very high requirement on the accuracy of the EWOD experimental data and the few

known physical parameters that are used in the calculation. There exist areas within

the parameter space that exhibit low error sensitivity, that is, the calculated values

are not highly sensitive to errors in the parameters.
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Figure 24: Standard deviation of calculated drop volume as a function of the assumed
initial contact angle and surface tension. The calculated minimum point (26.5, 165)
and the true parameter values (16.9, 150) are also shown.

A simple simulation verifies this explanation of the estimate errors seen. Assume

an ideal EWOD system like that in Figure 17, in which the contact angle on the active

surface ✓u ideally follows the LY relation (e.g., no hysteresis). Provided surface tension

�, initial angle ✓0, drop volume V , and bridge height h, the ideal C-V (equivalently,

ru-V ) relation can be found by solving the following three-dimensional root-finding

problem for p, , and ru:

8
>>>>>><

>>>>>>:

cos

2
✓uj =

(⇢
uj

2�⇢02)(⇢12�⇢
uj

2)

⇢
uj

2

V = j
3
�i(

1

j

ruj,
1

j

rlj, pj)

h = j⇣i(
1

j

ruj,
1

j

rlj, pj)

(21)
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Using the ideal C-V result as the input data, the same calculation as previously

can be carried out. The computed standard deviation of volume as a function of

the assumed initial angle value and assumed surface tension value is shown in Figure

25. As can be seen, the shallow region of the volume standard deviation is a sig-

nificantly smaller region than in Figure 24, indicating that the e↵ectiveness of this

method for simultaneously identifying multiple droplet parameters is indeed highly

dependent on the accuracy of the measurements and the validity of Lippmann-Young.

Not surprisingly, the minimum deviation is obtained with the parameter values used

in generating the simulated data. We think that trying to simultaneously identify

multiple parameters is a relatively ambitious goal. The Laplace equation or Plateau

sequence of shapes is a very accurate model that is physically meaningful. Any mod-

eling using this method should have a high requirement on the accuracy of the input

parameters. We have shown in this chapter that identifying a single parameter can

be well achieved with our measured data and identifying two results in an area of low

error sensitivity in the parameter space.
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Figure 25: Standard deviation of calculated drop volume as a function of the assumed
initial contact angle and surface tension for the hypothetic experiment. The calculated
minimum point (16.9, 150) is also shown.
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3.4 Conclusion

In this chapter, it is demonstrated the determination of the configuration of a ses-

sile microliter droplet within an electrowetting system through the measurement of

the electrical impedance of the wetted area and the analytical modeling of its axisym-

metric surface. The experiment consisted of an aqueous capillary bridge extending

between two electrodes and surrounded by an ambient oil. Upon the application of a

bias voltage, the bridge eletrowetted on one electrode surface, leading to an increase

in wetted area and a simultaneous bridge morphology change. The wetted area was

then directly extracted from the measured impedance. Using the identified wetted

area and other known system parameters, we demonstrated that the contact angle

as a function of applied voltage can be accurately determined for an electrowetting

system without the use of optical measurements. We also found that droplet volume

and surface tension could be accurately estimated from impedance data.

By using a batch of impedance data taken at various bias voltages, it is shown that

simultaneous identification of several unknown droplet parameters can be carried out.

Depending on the parameters to be identified there may be directions in the parameter

space with low error sensitivity, making the identification problem fundamentally

di�cult in this case.
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4 Building a High-speed Capacitance Measurement

System for Characterizing Dynamic EWOD

4.1 Introduction

As mentioned above, one advantage of electrical measurement is its high speed.

Therefore, measuring the capacitance as a function of time provides a useful method

to acquire important information about the dynamics of the EWOD process, i.e. the

partial wetting physics. Most reported works studying wetting dynamics have used

the traditional imaging method [47–50], which typically has a measurement speed

of 500 Hz to 1k Hz (500 to 1000 frames per second recording) with expensive video

recording equipment. With electrical measurements, it should be possible to increase

the measurement and data acquisition speed by at least a factor of 102 and at a much

lower cost.

Although wetting, including EWOD, has been studied for many years, many fun-

damental problems remains only partially understood, especially those related to the

mechanisms by which a contact line advances or recedes across the solid. Therefore,

our ability to predict wetting behaviors and that of processes dependent on wetting is

greatly limited. Among the few studies of the dynamic behaviors of the liquid drop,

the most popular models for describing the process are:

• The hydrodynamic model, which attributes dissipation to the viscous flow

within the wedge of liquid near the contact line. This classic approach fails

to describe the liquid flow near the contact line [51] and is empirical. Also

noted by Van Mourik et al [52], this model is only valid for advancing contact

line (positive contact line velocity) [53].

• The molecular-kinetic (MK) model, which discards the viscous flow idea and
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attributes the dissipation to the jumping of molecules along the solid surface

[54,55]. This theory is widely considered a better model than the hydrodynamic

one.

Among all these studies, e↵orts have been focused on describing the relationship

between the dynamic contact angle and the velocity of the three-phase contact line,

and no general description of the base area evolution for partial wetting is achieved.

However, the base area change as a function of time is of considerable interest as

area can be measured more accurately and the relation is capable of providing direct

indications for wetting speed. For example, Lavi and Marmur [57], proposed an

exponential power law (EPL) and suggested the kinetics of partial droplet spreading

as
A

Af

= 1� exp(�K

Af

⌧

n) (22)

where A denotes the liquid/solid base area, Af , K, n are empirical parameters, and ⌧

is the normalized time. This model explained a lot of experimental data successfully

over a wide range of capillary numbers, when the popular hydrodynamic and MK

model could only work for low capillary numbers.

In their work, fitted empirical parameters n and K showed rough trends with

respect to some experimental parameters such as the equilibrium contact angle, the

liquid viscosity, and the surface tension. However, more data is needed to establish

definitive correlations. By taking time-resolved capacitance measurements during the

EWOD process, the base area vs. time relationship could be easily determined and a

considerable database could be obtained. Potentially, some extent of physical justi-

fication of the empirical model could be made, which would be helpful in predicting

the dynamic behavior of various elecrowetting systems.
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4.2 Circuit Design

With the impedance analyzer HP 4192A and the LabView programming language,

the fastest measurement and data acquisition speed that can be achieved is approx-

imately 78 milliseconds per data point, which is far slower than could be achieved

with with an optimized acquisition system. The speed is basically limited by two

factors: (1) the instrument takes about ⇠63-67 ms to conduct the measurement; (2)

data acquisition is software timed and serial communication between the PC and

the instrument is time-consuming. With this measurement speed, we are missing

out on the potential of this technique by failing to capture the impedance changes

occurring at fast time scales. Besides, o↵-the-shelf impedance analyzers employing a

GPIB (IEEE-488) interface take measurements at a rate (a few hundred Hz max) far

slower than desired for characterizing dynamic properties. Therefore, we have decided

to build a custom capacitance measurement and data acquisition system capable of

high speed measurements.

The measurement circuit uses a custom-built analog timer to generate a signal

whose frequency is inversely proportional to the device capacitance. The circuit

schematic is shown in Figure 26. The operation is similar to that of a commercial 555

timer chip operating in astable mode: the EWOD device (capacitor C) charges from

Vcc through R4 and R5 until its voltage just exceeds V2, then the discharge transistor

T1 (n-type MOSFET) goes ON and C discharges through R5 and T1 to ground.

When the capacitor voltage drops just below V1, T1 goes OFF and C charges again

through R4 and R5. The oscillation on the capacitor is then fed to the RS latch

and bu↵er at the previous stage and becomes a square wave, which can then be

received by the micro-controller for frequency measurement and data recording. The

corresponding charge and discharge times are: Tcharge = (R4 + R5) log(
V
cc

�V1
V
cc

�V2
)C and
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Tdischarge = R5 log(
V2
V1
)C. The total period is

T = Tcharge + Tdischarge = (R4 +R5) log(
Vcc � V1

Vcc � V2

)C +R5 log(
V2

V1

)C (23)

Therefore, the measured output frequency is

f = 1/T = 1/[(R4 +R5) log(
Vcc � V1

Vcc � V2

) +R5 log(
V2

V1

)] · 1
C

(24)

and the capacitance of interest can be calculated as

C = 1/T = 1/[(R4 +R5) log(
Vcc � V1

Vcc � V2

) +R5 log(
V2

V1

)] · 1
f

(25)

where Vcc, V1, V2, R4, and R5 are known design parameters. Therefore, device

capacitance and the corresponding wetting area data can be easily calculated with

measured frequency data.
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Figure 26: Circuit schematic of the custom-built capacitance measurement system.

Our circuit is di↵erent from the commercial 555 timer in that the comparator

trigger points, V1 and V2, are set (through voltage divider R1,R2, and R3) such that

the voltage swing appearing at the device is su�ciently small (⇠100 mV). It is done

so the voltage swing added to the device will not influence device performance. The

driving voltage for the device (U) is provided by a power supply (HP 3631A Triple

Output DC Power Supply) connected in series. The presence or change of U2 does

not a↵ect the performance of the capacitance measurement circuit.

However, when programmed with LabView, the voltage step 0-U provided by the

regulated DC power supply has a relatively long transient time. Figure 27 shows the

oscilloscope capture of a 0-10V voltage step generated by the power supply. It can be

seen that a single voltage step took approximately 10 ms to reach its final level, which

makes it di�cult to rule out the influence of the applied bias change when projecting

EWOD dynamic behavior.
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Figure 27: Oscilloscope capture of a 0-10V voltage step generated by the HP3631A
DC power supply.

Therefore, we designed a switching circuit (shown in Figure 26) to solve this prob-

lem. The circuit has two transmission gates (“4”) controlled by two complementary

signals, which is generated by one of the digital output port of the NI myDAQ card.

The digital output has an amplitude of 3.3V, and this signal goes through a level con-

verter (“6”) to be converted to U before reaching the gate of the transmission gates.

Therefore, when the myDAQ card outputs digital “0” (0V), the transmission gate on

the right goes ON and the one on the left goes OFF, making the device charges and

discharges to ground; when the myDAQ outputs “1” (3.3V), the transmission gate

on the left goes ON and DC bias “U” is applied to the device. Because the myDAQ

digital output can switch between “0” and “1” rapidly (transient ⇠50 ns), the bias

U can be applied to the EWOD device much faster.

A list of IC components used to build the circuit is shown in Table 4. The number-

ing of the components corresponds to that marked in Figure 26. These components
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were chosen based on several parameters including logic, propagation delay, and power

range.

Table 4: A list of IC components used in the capacitance measurement circuit.

Numbering Logic Part Number General Description

1 Comparator MAX942
high-speed, low-power,
3V/5V, rail-to-rail,

single-supply comparator

2 NAND Gate SN74AC00N
quadruple 2 input positive

NAND gates

3 Bu↵er SN74HC125N
quadruple bus bu↵er gates

with 3-state outputs

4 Transmission Gate ADG452B
LC2MOS 5⌦ RON SPST

switches

5 Inverter CD4069UBE CMOS hex inverter

6 Level Converter CD40109BE
CMOS quad low-to-high

voltage level shifter

T1 N-Type MOSFET 5LN01SP
N-channel small signal

MOSFET
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4.3 Frequency Measurement and Data Acquisition

4.3.1 Frequency Measurement

As illustrated in Section 4.2, device capacitance can be transformed into the fre-

quency of a square wave to be measured and calculated. And the way we used to

measure the frequency is feeding the pulse train into a micro-controller and measuring

the period. In this way, one capacitance data can be acquired in every single period

of the signal, and the measurement speed is essentially the same as the measured

frequency.

The micro-controller we used is a TMS320F28377S from Taxes Instruments (TI).

This 32-bit microcontroller unit (MCU) is based on TI’s 32-bit C28x floating-point

CPU, which provides 200 MHz of signal processing performance. [58] In addition, this

MCU features several performance analog and control peripherals including six en-

hanced capture modules (eCAP), one of which is used for the frequency measurement.

Each eCAP module can be configured to operate in Di↵erence (Delta) mode, which

is convenient for period and duty cycle measurements of pulse train signals. It also

consists of 4 32-bit time-stamp capture registers (CAP1-CAP4), which are capable of

continuously storing measured data.

Figure 28 illustrates the capture sequence of the eCAP module for collecting Delta

timing data from a pulse train waveform. At each rising edge of the signal, the

contents of the counter (CTR) is first captured and stored in CAPi (i=1,2,3,4), then

CTR is reset to zero. At the next rising edge (also called capture event, CEVT), the

CTR content, which is the number of clock cycles counted between these two edges,

is also captured and stored in CAPi+1. The Mod4 counter (MOD4 CTR), which

keeps track of the value of ”i”, will wrap around if the eCAP module is set to work

in continuous mode. When all four CAP registers are loaded with measured data, an
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interrupt can be generated and the four data points can be read out and stored in an

array in on-chip SRAM for further data acquisition.

Figure 28: TI TMS320F28377S eCAP module capture sequence for delta mode time-
stamp and rising edge trigger. [59]

4.3.2 Data Acquisition

As illustration in the previous section, with the way we measure capacitance, we

are getting one data point in every period of the signal. Therefore, the faster our

measurement speed is, the more data points we get. For example, for a measurement

speed of 100kHz, we will get 100K data points every second. Assuming every data

point takes one byte (8 bits), 1 second of measurement will generate 100 KB of

62



data. While almost all micro-controllers have very limited on-chip RAM space for

data storage (132 KB for the TMS320F28377S), we need to output the acquired data

quickly while performing measurement.

Since the TI TMS320F28377S micro-controller is equipped with several Serial

Peripheral Interface (SPI) peripherals, the fastest way to output data would be in-

terfacing the micro-controller with a Secure Digital (SD) type or Multi-Media Card

(MMC) type of flash memory card. SD, being introduced in 1999 as an improvement

over MMC, is a non-volatile memory card format developed by the SD Card Asso-

ciation [60]. An SD card comes with nine edge connectors and can connect to the

host through SPI or four bit parallel (SD) mode. The interface mode is selected at

power up and cannot be changed before power down. An SD card operates within

a supply range of 2.0 to 3.6 V, which is compatible with our micro-controller. With

the release of SD specification version 2.0, SD card data transfer rate is increased to

25MB/sec and clock speed is increased to 50 MHz. [61] The interconnection between

the TMS320F28377S and the SD card is illustrated in Figure 24.

Figure 29: Interconnection schematic between the TMS320F28377S micro-controller
and SD card in SPI mode.

Actual connections were made with jumper wires between the micro-controller and

a commercial SD breakout board. The breakout board comes with a card socket, pull-
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up resistors, and corresponding pin-out for easy connection. A picture of the actual

connection is shown in Figure 30. The SD card is powered by the micro-controller’s

3.3V source, and the four pins for SPI communication, i.e. CLK (clock), MOSI

(master-out slave-in), MISO (master-in slave-out), and CS (chip select or enable) are

also connected accordingly.

Figure 30: Actual interconnection between the TMS320F28377S micro-controller and
SD card.

Software is developed with C, using TI’s Code Composer Studio 6.1.2. Figure 31

shows the code design flow.
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Figure 31: Software design flow for frequency measurement and data acquisition.

After the micro-controller is powered up, GPIO configuration for SPI is first per-

formed. In addition, GPIO2 is configured as input to take the signal to be measured

by the eCAP module. Following the GPIO configuration, the eCAP module and the

SPI module are initialized by setting desired operation mode. Here the SPI trans-

mission length is set to be 8 bits as the data format will be set to ”char” (8 bits)

in order to store more data. The device peripheral initialization functions can be
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found in the ”main.c” file (Appendix A). SD card initialization is then performed.

There is a fixed sequence for card initialization and the procedure can be found in

the SD specifications [61]. During card initialization, SPI baud rate is first set to a

low value (less than 400 Hz). Then CS is held high and the SPI transmits 0xFF00

ten times to force DI (Data In) of the card to be held high for 80 clock cycles as

required by card power-up initialization. Next, a sequence of commands are sent to

ask the card to go into idle state and determine its version. If the card initialization

is succeeded, SPI baud rate is then set to a high value for actual data transmission.

The SD initialization function can be found in ”mmc.c” (Appendix B).The measured

data points are first read out from the eCAP registers (CAP1-CAP4) and stored in

a data bu↵er. When the data bu↵er is full, these data are then transmitted to the

SD card as an entire chunk. The ”write to SD card” operation is performed with

the Generic FAT File System (FatFs) module introduced by Elm Chan [62]. The

FatFs is in compliance with ANSI C and is platform independent. Data are written

to a pre-defined text file in the SD card as ASCII characters, and are translated to

numbers later using Python (Appendix C).
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4.4 Results and Analysis

We then measured an EWOD device with the custom capacitance measurement

system. The device has a parallel configuration similar to that in Figure 27. A

conductive aqueous droplet (0.1M Cs2SO4) is sandwiched between a thin dielectric

(Al2O3) covered aluminum plate and a gold-coated silicon wafer. In this structure,

the contact line is pinned on the conducting gold plate and electrowetting occurs on

the dielectric side.

The measured capacitance-time response to a 0-7 V and 7-0 V step input is shown

in Figure 32. Each data point represents the average of ten individual measurements.

The raw data rate in this experiment is approximately 110kHz (⇠11 kHz for the

averaged results); this is considerably faster than typically obtained with general-

purpose impedance analyzers (for example, ⇠13 Hz for an HP 4192A limited by the

GPIB). Higher measurement rates are possible by changing the RC time constant

established by the device and resistors R4 and R5. The resistor values used in this

test is R4=3.54k⌦ and R5=8.04k⌦. In response to the 0-7V voltage step, the drop

spreads out quickly, approaching steady state in approximately 0.2s, which is similar

to that reported in [47, 50,63].
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Figure 32: Capacitance-time data in response to a 0-7V and 7-0 V step input. Each
data point is the average of ten capacitance measurements.

The drop radius change during the transient determined from the capacitance

data and was fitted with a sum of exponentials using nonlinear optimization (Figure

33). Time constants associated with the best fit were found to be ⌧1=0.005s and

⌧2=0.098s. The oscillatory behavior in the measured data is mainly due to the 60 Hz

hum. An analytical derivative of the function yields the estimated contact line speed

and is plotted in Figure 34. The speed sees no oscillation as reported in [26] and

decreases quickly after reaching its highest value, which is on the order of 2mm/s.
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Figure 33: Drop radius change during the transient determined from the measured
capacitance data.

Figure 34: Radial speed of the contact line calculated from the fitted model for radius
change.
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4.5 Evaluation of the Measurement System

This way of measuring frequency is essentially a digital method. The recorded

data, i.e. the count, are calculated as the ratio of the CPU clock frequency and the

circuit’s output frequency and can only be integers. Therefore, the resolution of the

measurement depends on these two frequencies. When configuring the eCAP module,

the counter clock is sourced from the system clock, which is set to the maximum

value of 200 MHz. Note that 200 MHz is also the highest clock frequency available

in commercial micro-controllers.

Recalling Equation (25):

C = 1/T = 1/[(R4 +R5) log(
Vcc � V1

Vcc � V2

) +R5 log(
V2

V1

)] · 1
f

(25)

we know that capacitance C is a function of Vcc, V1, V2 (V2=V1+100mV), R4, and R5.

For a certain Vcc, a certain sample (fixed C), and fixed R4 and R5, the measurement

speed (output frequency) and capacitance resolution can be calculated and an example

is plotted in Figure 35. As can be seen, measurement speed is positively correlated

with V1. When V1 > 0.46V, measurement speed can reach a value that is higher

than 100 kHz, while corresponding capacitance resolution is roughly between 3 pF

and 7 pF. In real experiments, V1 can be chosen based on measurement speed and

resolution requirement. In general, the lower V1 is, the better the resolution we get

yet the slower the measurement is carried out.
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Figure 35: Measurement speed and capacitance resolution as a function of V1.

Besides the digitizing of measurement, signal jitter can also results in error. This

is because the voltage swing on the capacitor has been minimized to ⇠100 mV, and

only a few mV of noise on the power supply can have an outsize e↵ect and change the

timing a lot. This cause had been experimentally confirmed by powering the circuit

with batteries. Therefore, we used very short leads (about 1 to 2 inches long) in the
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power and ground path from the power supply to the circuit board to minimize signal

jitter. In most of our experiments, the jitter observed is less than 0.5 kHz, which is

an error less than 0.5% for a measuring speed of 100 kHz.

Some other error sources include the parasitic capacitance on the comparator

input pins (typically a few picofarads), finite discharge FET on-resistance, comparator

timing variation, etc. For the measured capacitance of a few nanofarads (our typical

thin-film EWOD samples), these errors are generally very small and can be ignored.
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5 Conclusion and Future Work

In this work, the method of using impedance spectroscopy in characterizing low-

voltage EWOD is explored.

5.1 Impedance Spectroscopy of EWOD Devices

First of all, the electrical properties of interface elements in typical thin-film

EWOD configurations were examined and analyzed using impedance spectroscopy:

• The wire electrode/liquid interface and planar electrode/liquid interface exhib-

ited electric double layer(EDL) behavior which was well modeled with a constant

phase element (CPE) model.

• The planar dielectric/liquid interface comprises a series combination of the di-

electric capacitance and EDL, but exhibited first order RC behavior due to the

dominance of the dielectric capacitance over the EDL.

With the individual elements examined and well modeled, the impedance of three

most commonly seen EWOD setups with thin dielectrics were investigated as a func-

tion of frequency:

• For a conventional setup with an inserted wire electrode, the EDL at the wire

dominates the total impedance spectra of the system, making it di�cult to

characterize EWOD with electrical measurements.

• For a parallel plate setup with one plate bare and the other covered with di-

electric, the dielectric capacitance dominates the total impedance spectra when

the wetting areas at both plates are comparable.
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• For a parallel plate setup with both electrodes covered with dielectric, the sys-

tem impedance is dominated by the series combination of these dielectric ca-

pacitance and the EDL elements can be ignored.

Therefore, in order to characterize thin-film EWOD devices electrically, setups need to

be properly designed so that the dielectric capacitance dominates the total impedance

spectra of the device. In general, this can be achieved for parallel plate configurations

even with nanometer thick thin-films; while for inserted wire setups the surface area

of the wire need to be greatly enhanced.

5.2 Interrogation of Droplet Configuration

Based on the study of the electrical behaviors of thin-film EWOD devices with

fixed wetting area, methods were developed to use electrical measurements in con-

junction with known capillary bridge geometries to determine unknown parameters

during electrowetting. With an example EWOD setup where an aqueous capillary

bridge extends between two planar electrodes, the changes in wetted area upon the

application of a DC bias were directly extracted from measured capacitance data. Us-

ing the identified wetted area and other known system parameters, it is demonstrated

that the contact angle as a function of applied voltage can be accurately determined

for an electrowetting system without the use of optical measurements. In addition,

other parameters such as the droplet volume and surface tension could be accurately

estimated from the impedance data.

As current code for modeling bridge shape and computing relevant parameters

utilizes default root-finding functions in Mathematica and can be time-consuming and

di�cult under some circumstances, possible future work includes the optimization of

algorithm and code in order to achieve faster computation and better tolerance for

input parameters.
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5.3 High-speed Capacitance Measurement System

In the end, a capacitance measurement system capable of high-speed time-resolved

measurements of electrowetting behavior was designed, built, and tested. The test

circuit contained a custom-built analog timer which generated a frequency that is

inversely proportional to the measured capacitance. Voltage swing applied to the

device was minimized in order not to a↵ect device performance. The generated pulse

train was then fed into a 32-bit micro-controller unit for frequency measurement and

data acquisition. Corresponding software was also developed and tested. Dynamic

electrowetting was measured with this system at the speed of 100 kHz to 150 kHz.

The transient response of the device to a single voltage step was also analyzed and

modeled.

The measured data was analyzed in the frequency domain and the result suggested

60 Hz hum and pink noise. Preliminary tests showed that the 60 Hz hum was induced

by contaminated earth ground, therefore powering the test circuit o↵ batteries and

using opto-isolator between the circuit and the micro-controller should eliminate the

problem. As for the pink noise, using precision components such as metal foil resistors

and better ICs could possibly reduce the noise and improve resolution.

With this measurement system, a considerable amount of data regarding the dy-

namic behaviors of various EWOD systems could be quickly obtained without the

hassle of using expensive video recording equipment. By taking tests of various

EWOD devices with di↵erent physical parameters such as surface tension, liquid

viscosity, and drop size, some extent of physical justification of the empirical model

could potentially be made.
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Appendix A main.c

1 #inc lude ”F28x Project . h” // Device Head e r f i l e and Examples Inc lude
F i l e

2 #inc lude ” th i r d pa r t y / f a t f s / s r c / f f . h”
3 #inc lude ” th i r d pa r t y / f a t f s / s r c / d i s k i o . h”
4 #inc lude ” th i r d pa r t y / f a t f s / s r c / i n t e g e r . h”
5

6 // Prototype statements f o r f un c t i on s found with in t h i s f i l e .
7 i n t e r r u p t void e c ap 1 i s r ( void ) ;
8 void InitECapture ( void ) ;
9 void s p i i n i t ( void ) ;

10

11 Uint32 ECap1IntCount=0;
12 Uint32 WriteCount=0;
13

14 WORD index=0;
15 unsigned char d i f f a r r a y [ 2 5 6 0 ] ;
16

17 FRESULT re s ;
18 s t a t i c FATFS f s ; // F i l e system ob j e c t
19 s t a t i c FIL f i l ;
20 WORD bw=0;
21 Uint32 AccStringLength=0;
22

23 void main ( void )
24 {
25

26 // Step 1 . I n i t i a l i z e System Control :
27 I n i t Sy sC t r l ( ) ;
28

29 // Step 2 . I n i t i a l i z e GPIO:
30 InitECap1Gpio (2 ) ;
31 GPIO SetupPinOptions (2 , GPIO INPUT, GPIO ASYNC) ; //GPIO2=Pin80
32 In i tSp iaGpio ( ) ;
33

34 // Step 3 . Clear a l l i n t e r r u p t s and i n i t i a l i z e PIE vec to r t ab l e :
35 DINT;
36

37 // I n i t i a l i z e the PIE con t r o l r e g i s t e r s to t h e i r d e f au l t s t a t e .
38 I n i tP i eC t r l ( ) ;
39

40 // Disab le CPU i n t e r r u p t s and c l e a r a l l CPU i n t e r r u p t f l a g s :
41 IER = 0x0000 ;
42 IFR = 0x0000 ;
43

44 // I n i t i a l i z e the PIE vec to r t ab l e .
45 In i tP ieVectTab le ( ) ;
46

47 EALLOW;
48 PieVectTable .ECAP1 INT = &ec ap1 i s r ;
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49 EDIS ;
50

51 // Step 4 . I n i t i a l i z e the Device Pe r i phe r a l s :
52 InitECapture ( ) ;
53 s p i i n i t ( ) ; // i n i t SPI
54 //DELAY US(50) ;
55 i f ( r e s == FR OK ) {
56 r e s = f mount (0 , &f s ) ;
57 //DELAY US(100) ;
58 i f ( r e s == FR OK ) {
59 r e s = f open (& f i l , ”LOG. txt ” ,FA WRITE) ;
60 //DELAY US(100) ;
61 i f ( r e s == FR OK ) {
62 r e s = f l s e e k (& f i l , AccStringLength ) ;
63 //DELAY US(100) ;
64 }
65

66 }
67 }
68

69 // Step 5 . User s p e c i f i c code , enable i n t e r r u p t s :
70

71 // Enable CPU INT4 which i s connected to ECAP1�4 INT :
72 IER |= M INT4 ;
73

74 // Enable eCAP INTn in the PIE : Group 3 i n t e r r u p t 1�6
75 PieCtr lRegs . PIEIER4 . b i t . INTx1 = 1 ;
76

77 // Enable g l oba l I n t e r r up t s and h igher p r i o r i t y r ea l�time debug events :
78 EINT;
79 ERTM;
80

81 }
82

83 void InitECapture ( )
84 {
85 ECap1Regs .ECEINT. a l l = 0x0000 ; // Disab le a l l capture

i n t e r r u p t s
86 ECap1Regs .ECCLR. a l l = 0xFFFF ; // Clear a l l CAP i n t e r r u p t

f l a g s
87 ECap1Regs .ECCTL1. b i t .CAPLDEN = 0 ; // Disab le CAP1�CAP4 r e g i s t e r

l oads
88 ECap1Regs .ECCTL2. b i t .TSCTRSTOP = 0 ; // Make sure the counter i s

stopped
89

90 // Conf igure p e r i ph e r a l r e g i s t e r s
91 //⇤ECap1Regs .ECCTL2. b i t .CONTONESHT = 1 ; // One�shot
92 ECap1Regs .ECCTL2. b i t .CONTONESHT = 0 ; // Continuous
93 ECap1Regs .ECCTL2. b i t .STOPWRAP = 3 ; // Stop at 4 events in one�

shot mode (wrap a f t e r EVT4 in cont . mode)
94 ECap1Regs .ECCTL2. b i t .CAPAPWM = 0;
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95 // Capture event 1/2/3/4 p o l a r i t y s e l e c t
96 ECap1Regs .ECCTL1. b i t .CAP1POL = 0 ; // Ris ing edge
97 ECap1Regs .ECCTL1. b i t .CAP2POL = 0 ; // Ris ing edge
98 ECap1Regs .ECCTL1. b i t .CAP3POL = 0 ; // Ris ing edge
99 ECap1Regs .ECCTL1. b i t .CAP4POL = 0 ; // Ris ing edge

100 // Reset counter a f t e r Event 1/2/3/4 time�stamp has been captured
101 ECap1Regs .ECCTL1. b i t .CTRRST1 = 1 ; // D i f f e r e n c e operat i on
102 ECap1Regs .ECCTL1. b i t .CTRRST2 = 1 ; // D i f f e r e n c e operat i on
103 ECap1Regs .ECCTL1. b i t .CTRRST3 = 1 ; // D i f f e r e n c e operat i on
104 ECap1Regs .ECCTL1. b i t .CTRRST4 = 1 ; // D i f f e r e n c e operat i on
105

106 ECap1Regs .ECCTL1. b i t .PRESCALE = 0 ;
107

108 ECap1Regs .ECCTL2. b i t . SYNCI EN = 0 ; // Disab le sync in
109 ECap1Regs .ECCTL2. b i t .SYNCO SEL = 2 ;
110 ECap1Regs .ECCTL1. b i t .CAPLDEN = 1 ; // Enable capture un i t s
111

112 ECap1Regs .ECCTL2. b i t .TSCTRSTOP = 1 ; // Star t Counter
113 //⇤ECap1Regs .ECCTL2. b i t .REARM = 1 ; // arm one�shot
114 ECap1Regs .ECCTL2. b i t .REARM = 0 ;
115

116 ECap1Regs .ECCTL1. b i t .CAPLDEN = 1 ; // Enable CAP1�CAP4 r e g i s t e r l oads
( at capture event time )

117

118 //ECap1Regs .ECEINT. b i t .CEVT4 = 1 ; // 4 events = i n t e r r u p t
119 ECap1Regs .ECEINT. b i t .CEVT1 = 1 ; // EVT1= i n t e r r u p t
120 }
121

122 void s p i i n i t ( )
123 {
124 SpiaRegs .SPICCR. a l l =0x0007 ; // Reset on , r i s i n g edge , 8�b i t char

b i t s , loop back d i s ab l ed
125 SpiaRegs . SPICTL . a l l =0x0006 ; // Enable master mode , normal phase ,
126 // enable ta lk , and SPI i n t d i s ab l ed (

b00110 )
127 SpiaRegs .SPIBRR. a l l =0x0063 ;
128 SpiaRegs .SPICCR. b i t .SPISWRESET =1;// Re l inqu i sh SPI from Reset
129 SpiaRegs . SPIPRI . b i t .FREE = 1 ;
130 }
131

132

133 i n t e r r u p t void e c ap 1 i s r ( void )
134 {
135 d i f f a r r a y [ index++] = ECap1Regs .CAP1;
136 d i f f a r r a y [ index++] = ECap1Regs .CAP2;
137 d i f f a r r a y [ index++] = ECap1Regs .CAP3;
138 d i f f a r r a y [ index++] = ECap1Regs .CAP4;
139

140 ECap1IntCount++;
141

142 i f ( index == 2560)
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143 {
144 i f ( r e s == FR OK )
145 {
146 r e s = f w r i t e (& f i l , d i f f a r r a y , index , &bw) ;
147 WriteCount++;
148 AccStringLength = AccStringLength + index ;
149 index = 0 ;
150 }
151 }
152

153 // Acknowledge t h i s i n t e r r up t to r e c e i v e more i n t e r r up t s from group 4
154 PieCtr lRegs .PIEACK. a l l = PIEACK GROUP4;
155 }

Appendix B mmc.c

1 /⇤��������������������������������������������������������������⇤/
2 /⇤ MMC/SDC ( in SPI mode) c on t r o l module (C)ChaN, 2007 ⇤/
3 /⇤��������������������������������������������������������������⇤/
4 /⇤ Only r c v r s p i ( ) , xmi t sp i ( ) , d i s k t ime rp roc ( ) and some macros⇤/
5 /⇤ are p lat form dependent . ⇤/
6 /⇤��������������������������������������������������������������⇤/
7

8 /⇤
9 ⇤ This f i l e was modi f i ed from a sample a v a i l a b l e from the FatFs

10 ⇤ web s i t e .
11 ⇤ Works with TI TMS320F28377S .
12 ⇤/
13

14 #inc lude ”F28x Project . h”
15

16 #inc lude ” th i r d pa r t y / f a t f s / s r c / d i s k i o . h”
17 #inc lude ” th i r d pa r t y / f a t f s / s r c / i n t e g e r . h”
18

19 /⇤ De f i n i t i o n s f o r MMC/SDC command ⇤/
20 #de f i n e CMD0 (0 x40+0) /⇤ GO IDLE STATE ⇤/
21 #de f i n e CMD1 (0 x40+1) /⇤ SEND OP COND ⇤/
22 #de f i n e CMD8 (0 x40+8) /⇤ SEND IF COND ⇤/
23 #de f i n e CMD9 (0 x40+9) /⇤ SEND CSD ⇤/
24 #de f i n e CMD10 (0 x40+10) /⇤ SEND CID ⇤/
25 #de f i n e CMD12 (0 x40+12) /⇤ STOP TRANSMISSION ⇤/
26 #de f i n e CMD16 (0 x40+16) /⇤ SET BLOCKLEN ⇤/
27 #de f i n e CMD17 (0 x40+17) /⇤ READ SINGLE BLOCK ⇤/
28 #de f i n e CMD18 (0 x40+18) /⇤ READMULTIPLE BLOCK ⇤/
29 #de f i n e CMD23 (0 x40+23) /⇤ SET BLOCK COUNT ⇤/
30 #de f i n e CMD24 (0 x40+24) /⇤ WRITE BLOCK ⇤/
31 #de f i n e CMD25 (0 x40+25) /⇤ WRITE MULTIPLE BLOCK ⇤/
32 #de f i n e CMD41 (0 x40+41) /⇤ SEND OP COND (ACMD) ⇤/
33 #de f i n e CMD55 (0 x40+55) /⇤ APPCMD ⇤/
34 #de f i n e CMD58 (0 x40+58) /⇤ READOCR ⇤/
35

87



36 // a s s e r t s the CS pin to the card
37 s t a t i c
38 void SELECT ( void )
39 {
40 // S e l e c t the SD card .
41 EALLOW;
42 GpioDataRegs .GPACLEAR. b i t .GPIO19 = 1 ; //Writing a 1 w i l l f o r c e GPIO

output data l a t ch to 0 .
43 EDIS ;
44

45 }
46

47 // De�a s s e r t s the CS pin to the card .
48 s t a t i c
49 void DESELECT ( void )
50 {
51 EALLOW;
52 GpioDataRegs .GPASET. b i t .GPIO19 = 1 ; //Writing a 1 w i l l f o r c e GPIO

output data l a t ch to 1 .
53 EDIS ;
54 }
55

56 /⇤�����������������������������������������������������������
57 Module Pr ivate Funct ions
58 �������������������������������������������������������������⇤/
59

60 s t a t i c v o l a t i l e
61 DSTATUS Stat = STA NOINIT ; /⇤ Disk s t a tu s ⇤/
62

63 s t a t i c v o l a t i l e
64 BYTE Timer1 , Timer2 ; /⇤ 100Hz decrement t imer ⇤/
65

66 s t a t i c
67 BYTE CardType ; /⇤ b0 :MMC, b1 :SDC, b2 : Block addre s s ing ⇤/
68

69 s t a t i c
70 BYTE PowerFlag = 0 ; /⇤ i n d i c a t e s i f ”power” i s on ⇤/
71

72 /⇤������������������������������������������������������������⇤/
73 /⇤ Transmit a byte to MMC via SPI ( Platform dependent ) ⇤/
74 /⇤������������������������������������������������������������⇤/
75

76 s t a t i c
77 void xmi t sp i (BYTE dat )
78 {
79 v o l a t i l e DWORD rcvdat ;
80

81 whi le ( SpiaRegs . SPISTS . b i t .BUFFULL FLAG) ; //Wait f o r room to wr i t e
data , 0=transmit bu f f e r not f u l l

82 SpiaRegs .SPITXBUF = ((DWORD) dat )<<8; //Writes to SPITXBUF must be
l e f t � j u s t i f i e d
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83

84 /⇤ f l u s h data read during the wr i t e ⇤/
85 whi le ( SpiaRegs . SPISTS . b i t . INT FLAG !=1) ;
86 rcvdat = ( SpiaRegs .SPIRXBUF && 0xFF) ; //Clear Receive Buf f e r
87 }
88

89

90 /⇤������������������������������������������������������������⇤/
91 /⇤ Receive a byte from MMC via SPI ( Platform dependent ) ⇤/
92 /⇤������������������������������������������������������������⇤/
93

94 s t a t i c
95 BYTE r c v r s p i ( void )
96 {
97 v o l a t i l e DWORD rcvdat ;
98

99 /⇤ wr i t e dummy data ⇤/
100 whi le ( SpiaRegs . SPISTS . b i t .BUFFULL FLAG) ; //Wait f o r space to wr i t e
101 SpiaRegs .SPITXBUF = 0xFF00 ; //Write dummy data
102

103 /⇤ read data from RX f i f o ⇤/
104 whi le ( SpiaRegs . SPISTS . b i t . INT FLAG !=1) ;
105 rcvdat = ( SpiaRegs .SPIRXBUF & 0xFF) ; //Read Trans f e r r ed data
106

107 r e turn (BYTE) rcvdat ;
108 }
109

110

111 s t a t i c
112 void r cv r sp i m (BYTE ⇤dst )
113 {
114 ⇤dst = r c v r s p i ( ) ;
115 }
116

117 /⇤������������������������������������������������������������⇤/
118 /⇤ Wait f o r card ready ⇤/
119 /⇤������������������������������������������������������������⇤/
120

121 s t a t i c
122 BYTE wait ready ( void )
123 {
124 BYTE re s ;
125

126

127 Timer2 = 50 ; /⇤ Wait f o r ready in timeout o f 500ms ⇤/
128 r c v r s p i ( ) ;
129 do{
130 r e s = r c v r s p i ( ) ;
131 DELAY US(175) ;
132 } whi le ( ( r e s != 0xFF) && Timer2 ) ;
133
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134 r e turn r e s ;
135 }
136

137 /⇤�������������������������������������������������������������⇤/
138 /⇤ Power Control ( Platform dependent ) ⇤/
139 /⇤�������������������������������������������������������������⇤/
140 /⇤ When the t a r g e t system does not support socke t power cont ro l , the r e

⇤/
141 /⇤ i s nothing to do in these f unc t i on s and chk power always r e tu rn s 1 .

⇤/
142

143 s t a t i c
144 void power o f f ( void )
145 {
146 PowerFlag = 0 ;
147 }
148

149 s t a t i c
150 i n t chk power ( void ) /⇤ Socket power s t a t e : 0=o f f , 1=on ⇤/
151 {
152 r e turn PowerFlag ;
153 }
154

155 /⇤��������������������������������������������������������������⇤/
156 /⇤ Receive a data packet from MMC ⇤/
157 /⇤��������������������������������������������������������������⇤/
158

159 s t a t i c
160 BOOL rcv r da tab l o ck (
161 BYTE ⇤buf f , /⇤ Data bu f f e r to s t o r e r e c e i v ed data ⇤/
162 UINT btr /⇤ Byte count (must be even number ) ⇤/
163 )
164 {
165 BYTE token ;
166

167

168 Timer1 = 10 ;
169 do /⇤ Wait f o r data packet in timeout o f 100ms ⇤/
170 {
171 token = r c v r s p i ( ) ;
172 }
173 whi le ( ( token == 0xFF) && Timer1 ) ;
174 i f ( token != 0xFE) re turn FALSE; /⇤ I f not va l i d data token , r e tutn

with e r r o r ⇤/
175

176 do /⇤ Receive the data block in to
bu f f e r ⇤/

177 {
178 r cv r sp i m ( bu f f++) ;
179 r cv r sp i m ( bu f f++) ;
180 }
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181 whi le ( btr �= 2) ;
182 r c v r s p i ( ) ; /⇤ Discard CRC ⇤/
183 r c v r s p i ( ) ;
184

185 r e turn TRUE; /⇤ Return with su c c e s s ⇤/
186 }
187

188 /⇤���������������������������������������������������������� ⇤/
189 /⇤ Send a data packet to MMC ⇤/
190 /⇤���������������������������������������������������������� ⇤/
191

192 #i f READONLY == 0
193 s t a t i c
194 BOOL xmit datablock (
195 const BYTE ⇤buf f , /⇤ 512 byte data block to be t ransmit ted ⇤/
196 BYTE token /⇤ Data/Stop token ⇤/
197 )
198 {
199 //BYTE resp , wc ;
200 BYTE resp ;
201 Uint16 j ;
202

203

204 // i f ( wa i t ready ( ) != 0xFF) re turn FALSE;
205 do{
206 re sp = r c v r s p i ( ) ;
207 }whi le ( re sp !=0xFF) ; // To make sure Data out l i n e i s high (SD i s

not busy )
208

209 xmi t sp i ( token ) ; /⇤ Xmit data token (0xFE f o r b lock
wr i t e ) ⇤/

210 i f ( token != 0xFD) /⇤ I s data token ⇤/ /⇤#de f i n e
MULTIPLE STOP TRANSMISSION 0xFD00⇤/

211 {
212 f o r ( j =0; j <512; j++)
213 xmi t sp i (⇤ bu f f++) ; /⇤ Xmit the 512 byte data block to MMC ⇤/
214

215 j =0;
216

217 xmi t sp i (0xFF) ; /⇤ CRC (Dummy) ⇤/
218 xmi t sp i (0xFF) ;
219

220 re sp = r c v r s p i ( ) ; /⇤ Reveive data response ⇤/
221 // i f ( ( re sp & 0x0F) != 0x05 | | ( re sp & 0x0F) != 0x02 ) /⇤ I f not

accepted , re turn with e r r o r ⇤/
222 // i f ( ( re sp & 0x0F) == 0x0B | | ( re sp & 0x0F) == 0x0D)
223 // whi l e ( ( re sp & 0x1F) != 0x05 ) {
224 // resp = r c v r s p i ( ) ;
225 i f ( ( ( re sp & 0x1F) == 0x0B) | | ( ( re sp & 0x0F) == 0x1D) )
226 r e turn FALSE;
227
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228 do{
229 re sp = r c v r s p i ( ) ;
230 }whi le ( re sp !=0xFF) ;
231 }
232

233 r e turn TRUE;
234 }
235 #end i f /⇤ READONLY ⇤/
236

237 /⇤����������������������������������������������������������⇤/
238 /⇤ Send a command packet to MMC ⇤/
239 /⇤����������������������������������������������������������⇤/
240

241 s t a t i c
242 BYTE send cmd (
243 BYTE cmd , /⇤ Command byte ⇤/
244 DWORD arg /⇤ Argument ⇤/
245 )
246 {
247 BYTE n , r e s ;
248

249

250 i f ( wa i t ready ( ) != 0xFF) re turn 0xFF ;
251

252 /⇤ Se l e c t the card ⇤/
253 DESELECT( ) ;
254 r c v r s p i ( ) ;
255 SELECT( ) ;
256 r c v r s p i ( ) ;
257

258 /⇤ Send command packet ⇤/
259 xmi t sp i (cmd) ; /⇤ Command ⇤/
260 xmi t sp i ( (BYTE) ( arg >> 24) ) ; /⇤ Argument [ 3 1 . . 2 4 ] ⇤/
261 xmi t sp i ( (BYTE) ( arg >> 16) ) ; /⇤ Argument [ 2 3 . . 1 6 ] ⇤/
262 xmi t sp i ( (BYTE) ( arg >> 8) ) ; /⇤ Argument [ 1 5 . . 8 ] ⇤/
263 xmi t sp i ( (BYTE) arg ) ; /⇤ Argument [ 7 . . 0 ] ⇤/
264 //n = 0 ;
265 n=0;
266 i f (cmd == CMD0) n = 0x95 ; /⇤ CRC fo r CMD0(0) ⇤/
267 i f (cmd == CMD8) n = 0x87 ; /⇤ CRC fo r CMD8(0x1AA) ⇤/
268 xmi t sp i (n) ;
269

270 /⇤ Receive command response ⇤/
271 i f (cmd == CMD12) r c v r s p i ( ) ; /⇤ Skip a s t u f f byte when stop read ing

⇤/
272 n = 10 ; /⇤ Wait f o r a va l i d re sponse in

timeout o f 10 attempts ⇤/
273 do{
274 r e s = r c v r s p i ( ) ;
275 }whi le ( ( r e s & 0x80 ) && ��n) ;
276
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277 r e turn r e s ; /⇤ Return with the re sponse va lue ⇤/
278 }
279

280 /⇤
�����������������������������������������������������������������������⇤

281 ⇤ Send the s p e c i a l command used to terminate a multi�s e c t o r read .
282 ⇤
283 ⇤ This i s the only command which can be sent whi l e the SDCard i s

sending
284 ⇤ data . The SDCard spec i n d i c a t e s that the data t r a n s f e r w i l l s top 2

bytes
285 ⇤ a f t e r the 6 byte CMD12 command i s sent and that the card w i l l then

send
286 ⇤ 0xFF f o r between 2 and 6 more bytes be f o r e the R1 response byte .

This
287 ⇤ re sponse w i l l be f o l l owed by another 0xFF byte . In t e s t i ng , however ,

i t
288 ⇤ seems that some cards don ’ t send the 2 to 6 0xFF bytes between the

end o f
289 ⇤ data t ransmi s s i on and the re sponse code . This funct ion , th e r e f o r e ,

merely
290 ⇤ reads 10 bytes and , i f the l a s t one read i s 0xFF , r e tu rn s the value

o f the
291 ⇤ l a t e s t non�0xFF byte as the re sponse code .
292 ⇤
293

⇤�����������������������������������������������������������������������
⇤/

294

295 s t a t i c
296 BYTE send cmd12 ( void )
297 {
298 BYTE n , res , va l ;
299

300 /⇤ For CMD12, we don ’ t wait f o r the card to be i d l e be f o r e we send
301 ⇤ the new command .
302 ⇤/
303

304 /⇤ Send command packet � the argument f o r CMD12 i s ignored . ⇤/
305 xmi t sp i (CMD12) ;
306 xmi t sp i (0 ) ;
307 xmi t sp i (0 ) ;
308 xmi t sp i (0 ) ;
309 xmi t sp i (0 ) ;
310 xmi t sp i (0 ) ;
311

312 /⇤ Read up to 10 bytes from the card , remembering the value read i f
i t ’ s

313 not 0xFF ⇤/
314 f o r (n = 0 ; n < 10 ; n++)
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315 {
316 va l = r c v r s p i ( ) ;
317 i f ( va l != 0xFF)
318 {
319 r e s = va l ;
320 }
321 }
322

323 r e turn r e s ; /⇤ Return with the re sponse va lue ⇤/
324 }
325

326 /⇤�����������������������������������������������
327 Publ ic Funct ions
328 �������������������������������������������������⇤/
329

330 /⇤�����������������������������������������������⇤/
331 /⇤ I n i t i a l i z e Disk Drive ⇤/
332 /⇤�����������������������������������������������⇤/
333

334 DSTATUS d i s k i n i t i a l i z e (
335 BYTE drv /⇤ Phys i ca l d r i v e nmuber (0 ) ⇤/
336 )
337 {
338 BYTE n , ty , ocr [ 4 ] ;
339

340 i f ( drv ) re turn STA NOINIT ; /⇤ Supports only s i n g l e d r i v e
⇤/

341 i f ( Stat & STA NODISK) return Stat ; /⇤ No card in the socke t ⇤/
342

343 //power on ( ) ; /⇤ Force socke t power on ⇤/
344 // s e n d i n i t i a l c l o c k t r a i n ( ) ;
345

346 EALLOW;
347 // Set LSPCLK=SYSCLK/8 , so that SPI Baud Rate= 200MHz/8/(0 x63+1)=250

kHz
348 ClkCfgRegs .LOSPCP. a l l = 0x00000004 ; //Tech Ref P279
349 EDIS ;
350

351 DESELECT( ) ;
352 f o r (n = 10 ; n ; n��)
353 r c v r s p i ( ) ; /⇤ 80 dummy c l o ck s with CS=H ⇤/
354

355 //SELECT( ) ; /⇤ CS = L ⇤/
356

357 ty = 0 ;
358 i f ( send cmd (CMD0, 0) == 1) /⇤ Enter I d l e s t a t e ⇤/
359 {
360 Timer1 = 100 ; /⇤ I n i t i a l i z a t i o n timeout

o f 1000 msec ⇤/
361 i f ( send cmd (CMD8, 0x1AA) == 1) /⇤ SDC Ver2+ ⇤/
362 {
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363 f o r (n = 0 ; n < 4 ; n++) ocr [ n ] = r c v r s p i ( ) ;
364 i f ( ocr [ 2 ] == 0x01 && ocr [ 3 ] == 0xAA) /⇤ The card can

work at vdd range o f 2.7�3.6V ⇤/
365 {
366 do
367 {
368 i f ( send cmd (CMD55, 0) <= 1 && send cmd (CMD41, 1UL

<< 30) == 0) break ; /⇤ ACMD41 with HCS b i t ⇤/
369 }
370 whi le ( Timer1 ) ;
371 i f ( Timer1 && send cmd (CMD58, 0) == 0) /⇤ Check CCS

b i t ⇤/
372 {
373 f o r (n = 0 ; n < 4 ; n++) ocr [ n ] = r c v r s p i ( ) ;
374 ty = ( ocr [ 0 ] & 0x40 ) ? 6 : 2 ;
375 }
376 }
377 }
378 e l s e /⇤ SDC Ver1 or MMC ⇤/
379 {
380 ty = ( send cmd (CMD55, 0) <= 1 && send cmd (CMD41, 0) <= 1) ?

2 : 1 ; /⇤ SDC : MMC ⇤/
381 do
382 {
383 i f ( ty == 2)
384 {
385 i f ( send cmd (CMD55, 0) <= 1 && send cmd (CMD41, 0) ==

0) break ; /⇤ ACMD41 ⇤/
386 }
387 e l s e
388 {
389 i f ( send cmd (CMD1, 0) == 0) break ;

/⇤ CMD1 ⇤/
390 }
391 }
392 whi le ( Timer1 ) ;
393 i f ( ! Timer1 | | send cmd (CMD16, 512) != 0) /⇤ Se l e c t R/W

block l ength ⇤/
394 ty = 0 ;
395 }
396 }
397 CardType = ty ;
398 DESELECT( ) ; /⇤ CS = H ⇤/
399 r c v r s p i ( ) ; /⇤ I d l e ( Re lease DO) ⇤/
400

401 i f ( ty ) /⇤ I n i t i a l i z a t i o n succeded ⇤/
402 {
403 Stat &= ˜STA NOINIT ; /⇤ Clear STA NOINIT ⇤/
404 EALLOW;
405 ClkCfgRegs .LOSPCP. a l l = 0x00000001 ;
406 SpiaRegs .SPIBRR. a l l =0x0003 ;
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407 EDIS ;
408 }
409 e l s e /⇤ I n i t i a l i z a t i o n f a i l e d ⇤/
410 {
411 power o f f ( ) ;
412 }
413

414 r e turn Stat ;
415 }
416

417 /⇤

⇤/
418 /⇤ Get Disk Status ⇤/
419 /⇤���������������������������⇤/
420

421 DSTATUS d i s k s t a t u s (
422 BYTE drv /⇤ Phys i ca l d r i v e number (0 ) ⇤/
423 )
424 {
425 i f ( drv ) re turn STA NOINIT ; /⇤ Supports only s i n g l e d r i v e ⇤/
426 r e turn Stat ;
427 }
428

429 /⇤������������������������������������⇤/
430 /⇤ Read Sector ( s ) ⇤/
431 /⇤������������������������������������⇤/
432

433 DRESULT d i sk r ead (
434 BYTE drv , /⇤ Phys i ca l d r i v e nmuber (0 ) ⇤/
435 BYTE ⇤buf f , /⇤ Pointer to the data bu f f e r to s t o r e read

data ⇤/
436 DWORD sec to r , /⇤ Star t s e c t o r number (LBA) ⇤/
437 BYTE count /⇤ Sector count ( 1 . . 2 5 5 ) ⇤/
438 )
439 {
440 i f ( drv | | ! count ) re turn RES PARERR;
441 i f ( Stat & STA NOINIT) re turn RES NOTRDY;
442

443 i f ( ! ( CardType & 4) ) s e c t o r ⇤= 512 ; /⇤ Convert to byte address i f
needed ⇤/

444

445 SELECT( ) ; /⇤ CS = L ⇤/
446

447 i f ( count == 1) /⇤ S ing l e b lock read ⇤/
448 {
449 i f ( ( send cmd (CMD17, s e c t o r ) == 0) /⇤ READ SINGLE BLOCK ⇤/
450 && rcvr da tab l o ck ( buf f , 512) )
451 count = 0 ;
452 }
453 e l s e /⇤ Mult ip l e b lock read ⇤/
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454 {
455 i f ( send cmd (CMD18, s e c t o r ) == 0) /⇤ READMULTIPLE BLOCK ⇤/
456 {
457 do
458 {
459 i f ( ! r cv r da tab l o ck ( buf f , 512) ) break ;
460 bu f f += 512 ;
461 }
462 whi le (��count ) ;
463 send cmd12 ( ) ; /⇤ STOP TRANSMISSION ⇤/
464 }
465 }
466

467 DESELECT( ) ; /⇤ CS = H ⇤/
468 r c v r s p i ( ) ; /⇤ I d l e ( Re lease DO) ⇤/
469

470 r e turn count ? RES ERROR : RES OK;
471 }
472

473 /⇤�����������������������������������������������⇤/
474 /⇤ Write Sector ( s ) ⇤/
475 /⇤�����������������������������������������������⇤/
476

477 #i f READONLY == 0
478 DRESULT d i s k w r i t e (
479 BYTE drv , /⇤ Phys i ca l d r i v e nmuber (0 ) ⇤/
480 const BYTE ⇤buf f , /⇤ Pointer to the data to be wr i t t en ⇤/
481 DWORD sec to r , /⇤ Star t s e c t o r number (LBA) ⇤/
482 BYTE count /⇤ Sector count ( 1 . . 2 5 5 ) ⇤/
483 )
484 {
485 i f ( drv | | ! count ) re turn RES PARERR;
486 i f ( Stat & STA NOINIT) re turn RES NOTRDY;
487 i f ( Stat & STA PROTECT) return RESWRPRT;
488

489 i f ( ! ( CardType & 4) ) s e c t o r ⇤= 512 ; /⇤ Convert to byte address i f
needed ⇤/ // i f CardType!=4

490

491 SELECT( ) ; /⇤ CS = L ⇤/
492

493 i f ( count == 1) /⇤ S ing l e b lock wr i t e ⇤/
494 {
495 // i f ( ( send cmd (CMD24, s e c t o r ) == 0) /⇤ WRITE BLOCK ⇤/
496 // && xmit datablock ( buf f , 0xFE) )
497 i f ( send cmd (CMD24, s e c t o r ) == 0)
498 {
499 r c v r s p i ( ) ; // After r e c e i v i n g re sponse c l o ck must be a c t i v e f o r

8 c l o ck c y c l e s
500 i f ( xmit datablock ( buf f , 0xFE) == 1)
501 count = 0 ;
502 }
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503 }
504 e l s e /⇤ Mult ip l e b lock wr i t e ⇤/
505 {
506 i f (CardType & 2)
507 {
508 send cmd (CMD55, 0) ; //CMD55=0x77 , APPCMD
509 send cmd (CMD23, count ) ; /⇤ ACMD23 ⇤/ //CMD23=0x57 ,

SET BLOCK COUNT
510 }
511 i f ( send cmd (CMD25, s e c t o r ) == 0) /⇤ WRITE MULTIPLE BLOCK

⇤/ //CMD25=0x59
512 {
513 r c v r s p i ( ) ; // After r e c e i v i n g re sponse c l o ck must be a c t i v e

f o r 8 c l o ck c y c l e s
514 do
515 {
516 i f ( ! xmit datablock ( buf f , 0xFC) ) break ;
517 bu f f += 512 ;
518 }
519 whi le (��count ) ;
520 i f ( ! xmit datablock (0 , 0xFD) ) /⇤ STOP TRAN token ⇤/
521 count = 1 ;
522 }
523 }
524

525 r c v r s p i ( ) ; /⇤ 8 Clk Cycles ⇤/
526 // sd s end s t a tu s ( ) ;
527 i f ( send cmd (0x4D , 0) !=0x00 ) {
528 // r c v r s p i ( ) ;
529 count = 1 ;
530 }
531

532 DESELECT( ) ; /⇤ CS = H ⇤/
533 whi le ( r c v r s p i ( ) !=0xFF)
534 r c v r s p i ( ) ; /⇤ I d l e ( Re lease DO) ⇤/
535

536 r e turn count ? RES ERROR : RES OK; // i f count=0, re turn RES OK
537 }
538 #end i f /⇤ READONLY ⇤/
539

540 /⇤�����������������������������������������������⇤/
541 /⇤ Misce l l aneous Functions ⇤/
542 /⇤�����������������������������������������������⇤/
543

544 DRESULT d i s k i o c t l (
545 BYTE drv , /⇤ Phys i ca l d r i v e nmuber (0 ) ⇤/
546 BYTE c t r l , /⇤ Control code ⇤/
547 void ⇤ bu f f /⇤ Buf f e r to send/ r e c e i v e c on t r o l data ⇤/
548 )
549 {
550 DRESULT re s ;
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551 BYTE n , csd [ 1 6 ] , ⇤ptr = bu f f ;
552 WORD c s i z e ;
553

554

555 i f ( drv ) re turn RES PARERR;
556

557 r e s = RES ERROR;
558

559 i f ( c t r l == CTRLPOWER)
560 {
561 switch (⇤ ptr )
562 {
563 case 0 : /⇤ Sub con t r o l code == 0 (POWEROFF) ⇤/
564 i f ( chk power ( ) )
565 power o f f ( ) ; /⇤ Power o f f ⇤/
566 r e s = RES OK;
567 break ;
568 case 1 : /⇤ Sub con t r o l code == 1 (POWERON) ⇤/
569 power on ( ) ; /⇤ Power on ⇤/
570 r e s = RES OK;
571 break ;
572 case 2 : /⇤ Sub con t r o l code == 2 (POWERGET) ⇤/
573 ⇤( ptr+1) = (BYTE) chk power ( ) ;
574 r e s = RES OK;
575 break ;
576 de f au l t :
577 r e s = RES PARERR;
578 }
579 }
580 e l s e
581 {
582 i f ( Stat & STA NOINIT) re turn RES NOTRDY;
583

584 SELECT( ) ; /⇤ CS = L ⇤/
585

586 switch ( c t r l )
587 {
588 case GET SECTORCOUNT : /⇤ Get number o f s e c t o r s on the d i sk

(DWORD) ⇤/
589 i f ( ( send cmd (CMD9, 0) == 0) && rcv r da tab l o ck ( csd , 16) )
590 {
591 i f ( ( csd [ 0 ] >> 6) == 1) /⇤ SDC ver 2 .00 ⇤/
592 {
593 c s i z e = csd [ 9 ] + ( (WORD) csd [ 8 ] << 8) + 1 ;
594 ⇤(DWORD⇤) bu f f = (DWORD) c s i z e << 10 ;
595 }
596 e l s e /⇤ MMC or SDC ver 1 .XX ⇤/
597 {
598 n = ( csd [ 5 ] & 15) + ( ( csd [ 1 0 ] & 128) >> 7) + ( ( csd

[ 9 ] & 3) << 1) + 2 ;
599 c s i z e = ( csd [ 8 ] >> 6) + ( (WORD) csd [ 7 ] << 2) + ( (WORD
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) ( csd [ 6 ] & 3) << 10) + 1 ;
600 ⇤(DWORD⇤) bu f f = (DWORD) c s i z e << (n � 9) ;
601 }
602 r e s = RES OK;
603 }
604 break ;
605

606 case GET SECTOR SIZE : /⇤ Get s e c t o r s on the d i sk (WORD) ⇤/
607 ⇤(WORD⇤) bu f f = 512 ;
608 r e s = RES OK;
609 break ;
610

611 case CTRL SYNC : /⇤ Make sure that data has been wr i t t en ⇤/
612 i f ( wa i t ready ( ) == 0xFF)
613 r e s = RES OK;
614 break ;
615

616 case MMCGETCSD : /⇤ Receive CSD as a data block (16 bytes )
⇤/

617 i f ( send cmd (CMD9, 0) == 0 /⇤ READ CSD ⇤/
618 && rcv r da tab l o ck ( ptr , 16) )
619 r e s = RES OK;
620 break ;
621

622 case MMC GET CID : /⇤ Receive CID as a data block (16 bytes )
⇤/

623 i f ( send cmd (CMD10, 0) == 0 /⇤ READ CID ⇤/
624 && rcv r da tab l o ck ( ptr , 16) )
625 r e s = RES OK;
626 break ;
627

628 case MMCGETOCR : /⇤ Receive OCR as an R3 resp (4 bytes ) ⇤/
629 i f ( send cmd (CMD58, 0) == 0) /⇤ READOCR ⇤/
630 {
631 f o r (n = 0 ; n < 4 ; n++)
632 ⇤ptr++ = r c v r s p i ( ) ;
633 r e s = RES OK;
634 }
635

636 // case MMCGETTYPE : /⇤ Get card type f l a g s (1 byte ) ⇤/
637 // ⇤ptr = CardType ;
638 // r e s = RES OK;
639 // break ;
640

641 de f au l t :
642 r e s = RES PARERR;
643 }
644

645 DESELECT( ) ; /⇤ CS = H ⇤/
646 r c v r s p i ( ) ; /⇤ I d l e ( Re lease DO) ⇤/
647 }
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648

649 r e turn r e s ;
650 }
651

652 /⇤���������������������������������������������������������⇤/
653 /⇤ User Provided Timer Function f o r FatFs module ⇤/
654 /⇤���������������������������������������������������������⇤/
655 /⇤ This i s a r e a l time c l o ck s e r v i c e to be c a l l e d from ⇤/
656 /⇤ FatFs module . Any va l i d time must be returned even i f ⇤/
657 /⇤ the system does not support a r e a l time c l o ck . ⇤/
658

659 DWORD ge t f a t t ime ( void )
660 {
661

662 r e turn ((2008UL�1980) << 25) // Year = 2008
663 | (2UL << 21) // Month = February
664 | (26UL << 16) // Day = 26
665 | (14U << 11) // Hour = 14
666 | (0U << 5) // Min = 0
667 | (0U >> 1) // Sec = 0
668 ;
669

670 }

Appendix C datatranslate.py

1 #!/ usr / bin /python
2

3 f = open ( ”/Users / xiaoyu/Downloads/LOG. txt ” , ” r ” )
4 f o = open ( ”/Users / xiaoyu/Downloads/out LOG . txt ” , ”w+” )
5

6 RawData = l i s t ( f . read ( ) )
7

8 TranData = [ ]
9

10 f o r data in RawData :
11 i f ord ( data ) != 0 and ord ( data ) != 13 :
12 TranData . append ( s t r ( ord ( data ) ) )
13 f o . wr i t e ( s t r ( ord ( data ) )+” ” )
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