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Abstract— The digital microfluidic (DMF) platform introduces 

many applications in biomedical assays. If it is to be 

commercially available to the public, it needs to have the essential 

features of smart sensing and a compact size. In this work, we 

report on a fractal electrode biosensor that is used for both 

droplet actuation and sensing C-reactive protein (CRP) 

concentration levels to assess cardiac disease risk. Our proposed 

electrode is the first two-terminal electrode design to be 

integrated into DMF platforms. A simulation of the electrical 

field distribution shows reduced peak intensities and uniform 

distribution of the field. When compared to a V-notch square 

electrode, the fractal electrode shows a superior performance in 

both aspects, i.e. field uniformity and intensity. These 

improvements are translated into a successful and responsive 

actuation of a water droplet with 100V. Likewise, the effective 

dielectric strength is improved by a 33% increase in the fractal 

electrode breakdown voltage. Additionally, the capability of the 

fractal electrode to work as a capacitive biosensor is evaluated 

with CRP quantification test. Selected fractal electrodes undergo 

a surface treatment to immobilize anti-CRP antibodies on their 

surface. The measurement shows a response to the added CRP in 

capacitance within three minutes. When the untreated electrodes 

were used for quantification, there was no significant change in 

capacitance, and this suggested that immobilization was 

necessary. The electrodes configuration in the fabricated DMF 

platform allows the fractal electrodes to be selectively used as 

biosensors, which means the device could be integrated into 

point-of-care applications.  

 
Index Terms— C-reactive protein, digital microfluidics, 

electrowetting on dielectric, fractal capacitor 

I. INTRODUCTION 

N THE face of advancing technology, devices used in daily 

life (such as smart phones) are becoming more compact and 

are offering a wider range of uses. However, medical services 

are still not being efficiently integrated within them. It is not 

feasible to inset sophisticated sensors into these devices due to 

the high cost and low reliability of these sensors. Although 

special gadgets are emerging solely to provide certain 

bioassay, more effort is still needed to widen their scope to 

include more biomedical assays and chemicals [1-3]. 

Nonetheless, the world is demanding adequate healthcare 

services that are able to prevent devastating health problems 

through early diagnosis. For this reason, medical diagnostic 
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systems have to be miniaturized, easy-to-use, cost efficient, 

and capable of providing faster bioassays. One technology that 

can potentially meet these needs is the digital microfluidic 

(DMF) system [4]. The DMF platform, which is a Lab-on-a-

Chip (LOC) system that utilizes electrowetting on dielectric 

(EWOD) effect to perform droplet operations, is deployed in 

many biomedical applications [5-7]. It performs parallel 

operations, reduces the reagents’ doses, and digitizes the 

process with addressable array configuration [8-12]. 

Nonetheless, DMF has several challenges that limit its use, 

such as the dielectric failures that comes with high voltage 

requirements [13-16] and the absence of integrated smart 

sensing in the DMF platform [17-21]. In this work we try to 

overcome these challenges by utilizing a novel electrode shape 

that requires less voltage and works as a sensor in order to 

allow smart sensing in the DMF platform. Droplet actuation is 

the main core function of the DMF platform. Responsive 

droplet actuation is necessary for bioassays. To improve it, 

different electrode shapes with notches [22], wavy structures 

[23], or irregular shape[24] have been reported. However, all 

reported electrodes are fundamentally one-terminal electrodes 

and are almost exclusively used for actuation. Also, the use of 

high dielectric materials proves to reduce the actuation voltage 

[25], thus we chose a high dielectric material (HfO2) to further 

assist in the actuation performance. Sensor integration into 

DMF platforms is an essential step for the advancement of 

biomedical applications. The reported embedded sensors are 

either complex or have constrained operations in the DMF 

system. While optical sensors are favored as the traditional 

diagnostic verification method, the integrated optic sensors 

that are reported on usually come with sophisticated systems 

that make them unfeasible for public use [26-29]. In the same 

way, thermal sensors generally have a limited use and are 

bulky [30]. Capacitive sensors are very popular in bioassays 

due to their simple structure, capability for integration, and 

reliable sensitivity and flexibility [31, 32]. These sensors are 

considered part of the impedance sensor, although many 

people confuse the former with the latter. While an impedance 

sensor inherently measures capacitance, it requires a fast 

sampling rate and is bound to much interferences during 

measurement [33]. On the other hand, the capacitive sensor 

reflects a mature technology and requires less complicated 

measurement setup. In this study we therefore opted to take 

advantage of the capacitive electrodes for actuation and 

sensing. During an infection or acute inflammation, a patient’s 

C-reactive protein (CRP) production would normally be high. 
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Detection of CRP beyond 3mg/L would certainly indicate that 

the patient requires medical assistance [34]. CRP can be 

quantified with a diagnostic blood-screening test. It has 

generated considerable attention, as it can provide a good 

indication of many health conditions, including heart diseases 

[35, 36]. Its value for detecting cardiovascular disease stems 

from the fact that it measures vascular inflammation [37]. In 

recent years, many efforts have been taken to minimize the 

time and increase the specificity of agglutination reaction, 

unlike enzyme-linked immunosorbent assay (ELISA). ELISA 

[38] on microtiter plates is tedious and time consuming; in 

addition, it is also limited by mass transfer kinetics. To 

overcome these problems, several attempts are made to switch 

agglutination onto a multiplexed tabletop LOC system that is 

easy and less time consuming. Apart from some visual 

methods (such as slides and cards) for qualitatively detecting 

the agglutination of sensitized particles, optical techniques to 

quantify the agglutination do exist. The most important 

techniques are turbidimetry [39], nephelometry [40], angular 

anisotropy, and photon correlation spectroscopy (light 

scattering measurements). Qualitative methods require larger 

particles than quantitative methods. In general, the particle 

diameter range for visual slide agglutination is 0.2μm-0.9μm, 

whereas it is 0.01μm-0.3μm for light scattering 

immunoassays. Furthermore, integration of turbidimetry or 

light scattering techniques is too feebly tailored to fit into 

micro and nanoscale quantifications. We have therefore made 

efforts to quantify CRP on a DMF platform. In this work, we 

propose the integration of a first two-terminal electrode into an 

open DMF platform. The proposed electrode is a fractal shape 

that provides improved actuation functionality and works as a 

capacitive biosensor. The fractal shape is a utilization of a 

Hilbert space-filling curve that fills up a definite area with a 

repetitive and continuous pattern [41]. The fractal shape is 

reported to have less residual stress as well as to provide a 

uniform distribution of the electrical field [42, 43]. The 

uniform electrical field distribution and prompted capacitance 

are the key factors of the improved DMF performance.   

The unique electrode structure introduces the possibility of big 

scale multiplexing biosensors, which would only require a 

simple pretreatment to the electrode’s surface before the final 

release. That would bring the DMF platform closer to the 

point-of-care applications. DMF also reduces the process of 

diagnostics to a great extent by reducing the assay’s protocol 

as well as time. Also, because of its miniaturized size, 

biomedical imaging and monitoring devices will be potential 

candidate for DMF integration [44].  

II. THEORY AND SIMULATION 

Droplet actuation is the primary function of the DMF. The 

EWOD is an effect that renders the hydrophobic surface to 

hydrophilic under an applied voltage. This behavior is in 

accordance with the Young-Lippmann equation [45], which is 

as follows: 
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where (θ0, θa) are the resting and actuating angles 

respectively, (γLG) is the gas-surface tension, (C) is the 

dielectric capacitance, and (V) is the applied voltage. From the 

equation, it is apparent that there are three possible ways to 

enhance the actuation performance: (1) increasing the applied 

voltage, (2) increasing the capacitance, and/or (3) decreasing 

the surface tension. However, as the surface tension is a 

material property, it is limited to the chosen material. 

Similarly, increasing voltage can cause several problems, such 

as dielectric failure and electrolysis of the droplet. Thus, 

introducing more capacitance to the system is more rational. 

The capacitance in the DMF system is determined by the 

materials of choice and the geometrical shape. So, the shape of 

the electrode can be better utilized by using a space-filling 

technique (such as fractal shapes) that introduces more 

capacitance to the system using the same electrode area, and 

hence, improve the performance. The added capacitance is due 

to the irregular shape which causes stray electrical fields on 

the surface. To validate this hypothesis, the electrical field of 

(a)   

(b)  

Fig. 1. (a) Device configuration in COMSOL Multiphysics. (b) The V-notch Square electrode (left) and Fractal electrode (right) with the 

evaluation cutline where the electric field is evaluated. 
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two electrode designs – namely (1) fractal and (2) V-notch 

shape – are simulated in COMSOL® Multiphysics v5.1 and 

compared in terms of electrical field uniformity and intensity. 

The electrical field is evaluated on the device’s surface, as the 

EWOD occurs effectively at this interface between the device 

and the droplet. The first device, which is composed of three 

fractal electrodes, has an inner spacing of 3μm, spaced at 3μm 

from each other, and occupies an area of 111μm X 93μm. The 

second design has three V-notch electrodes of 100μm X 99μm 

that are 3μm apart. This area mismatch is due to the drawing 

limitations associated with distributing the V-notches equally 

apart from each other. Regardless, both devices are mounted 

on a 1μm isolation layer, and the ground plane is distanced 

100μm above the electrodes. The voltage is kept at 100V, and 

the metal layer thickness of the electrodes is 100nm, as 

depicted in Fig.1(a). The simulation is carried out by 

activating the middle electrode and evaluating the voltage 

distribution on the surface, as well as the electrical field 

intensity along the evaluation cutline located at the center of 

the device, see Fig.1(b). The results show that fractal device 

has better electrical field distribution, which is the electrical 

potential developed across the device. The electrical field is 

found more uniform due to the charge accumulation in the 

fractal electrode, Fig.2(a). For that reason, the field intensity 

peaks in the fractal are diminished to about 50% of that in the 

V-notch square electrodes Fig.2(b), and consequently, the 

potential difference is lower, Table.1. These results predict 

several points. First; the accumulated charge on the fractal 

(a)  

(b)  

(c)  

Fig. 2. (a) The distribution of the electrical potential across the device, (b) The electrical field evaluated along the cutline. Notice that the 

average fields are evaluated on the activated electrode as shown. (c) The induced electrical potential along the evaluation cutline. 
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electrodes, which will induce floating voltage, will facilitate 

the droplet motion. This induced voltage will reduce the 

contact angle on the whole droplet-electrode interface, not 

only on the edges of the electrode. This reduced contact angle 

isn’t sufficient to actuate the droplet, but it reduces the energy 

needed for the actuation. In other words, the whole content of 

the droplet “slides” on the fractal electrode, rather than being 

“dragged” in typical electrode shapes. Second, the dielectric 

failure probability will be reduced significantly. The dielectric 

failure mainly happens as a result of the high potential 

difference between the electrodes, that causes high dielectric 

stress due to the shape effect [46, 47]. With the induced 

voltage on the other electrode, the potential difference will be 

lower, and hence, it'll reduce the dielectric stress. Thus, the 

durability of the fractal device will be increased. Also, using 

liquids with high surface tension coefficients is more viable 

because of the fractal’s capability to withstand higher 

voltages. Third, this improvement is linked to the capacitance 

increase of the electrode. Because of the fractal shape, the 

stray capacitance is dominating the surface of the device. 

Since this stray capacitance is the main essence of the planar 

capacitive sensor, the electrode can be used for sensing as well 

as actuating simultaneously. 

III. 3. MATERIALS AND METHODS 

A. SAMPLE SITES 

Standard CRP test kits (ASI, Arlington) and human CRP 

serum (Pronac) were used in all of the experiments. The kits 

consist of beads coated with anti-CRP antibodies, analyte and 

azide buffer. All dilutions were made using this azide buffer. 

The 3-Mercaptopropioninc Acid (MPA), 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) required for immobilization were 

purchased from Sigma. 

 

B. FABRICATION PROCESS 

The fabrication process follows an in-house procedure, as 

illustrated in Fig.3. It starts by submersing the wafer in a hot 

piranha solution that contains a mixture of hydrogen peroxide 

(H2O2) and sulfuric acid (H2SO4) for about 10 minutes. The 

wafer is then washed with distilled water and dried in a 

nitrogen drier before being put in a furnace to thermally grow 

a 2μm-thick isolation layer of silicon dioxide (SiO2). The 

metal layer is deposited by sputtering at 5mTorr vacuum with 

400Wdc energy, which forms the conductive layer of 10nm 

titanium (Ti) and 100nm platinum (Pt). This layer is patterned 

by a photolithography process to expose the metal layer 

underneath. A dry etch process utilizing argon (Ar) gas at 

300W plasma power for 10 minutes is next used to etch the 

exposed metal to form the active devices. The photoresist is 

then stripped off using an acetone and IPA wash before 

plasma-descum to ensure the removal of all the residues. The 

dielectric layer is then deposited by Atomic Layer Deposition 

(ALD) for 1000 cycle at 300oC and 80mTorr to form a 150nm 

hafnium dioxide (HfO2) layer. Then, a Teflon layer was spin 

coated on the device at 2000rpm and baked at 160oC for 30 

minutes to provide the hydrophobic surface needed for the 

actuation. The Fractal electrode design has an inner spacing of 

6μm. Both fractal and V-notch square electrodes have 

4.84mm2 size area and a 60μm separation distance between 

electrodes. The fabricated devices are mounted on a chip of 

17mm X 14mm size area. 

C. HOLDER FABRICATION 

A special holder was designed to secure the chip in place 

and have a proper connection with the instruments, see Fig.4. 

It is made out of polymethylmethacrylate (PMMA) and laser-

cut into two parts: chip restrainer and clips holder. The chip 

restrainer has 14 slots for pogo pins and four screw holes. The 

pogo pins slots are deliberately distanced to match the actual 

locations of the pads; the pins are consequently glued tightly 

into these slots. The clips holder has three sidewalls and a 

base. The sidewalls have slots to fit the LabSmith Micro-Clips 

that clamp firmly to the pogo pins, while the base has a slot to 

 

TABLE I 

Comparison between Fractal and V-Notch Square Electrodes 
 

Electrode Shape Fractal V-Notch Square 

Average Electrical Field (V/μm) 3.8 2.3 

Peak Electrical Field (V/μm) 7.0 14.2 

Induced Electrical Potential (V) 87 74 

 

             
(a) Clean silicon wafer     (e) UV pattern 

 

             
(b) Thermal deposition     (f) Photoresist develop 

SiO2 (2μm) 

 

             
(c) Metal deposition      (g) Dry etching and 

Ti (10nm) / Pt (100nm)     photoresist removal 

 

             
(d) Photoresist coating     (h) Dielectric deposition  

HfO2 (150nm) 
 

Fig. 3. Fabrication process for the fractal-electrode device. 
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securely hold the chip and contains four screw holes. The 

whole system is tightened during the measurement with 

screws. 

D. IMMOBILIZATION 

The immobilization of antibodies is an important step in the 

CRP concentration test. The process consists of three major 

steps, as illustrated in Fig.5. Firstly, during Teflon coating, 

selected fractal electrodes are covered by Kapton® tape for 

the surface treatment. After coating the Teflon layer, the 

Kapton tapes are taken off and these fractal electrodes are 

cleaned and then immersed in an ethanolic solution of 10mM 

MPA for 24hrs. They are next washed with distilled water and 

allowed to dry. Secondly, they are treated with a solution 

containing 0.05M EDC and 0.03M NHS for 4hrs to form self-

assembled monolayers (SAM). Thirdly, 2μl of CRP antibodies 

are added and allowed to settle on the surface for 1hr. They 

are then washed with distilled water to remove any unattached 

antibodies. 

E. CRP PREPARATION 

Biomedical assays are widely reported in the DMF 

platform. Immunoagglutination or passive agglutination is 

considered to be one-step assay and is therefore used in 

biomedical applications. Commercially available CRP 

proteins are diluted with azide buffer. The prepared 

concentrations of the CRP are 0.5mg/L, 2.0mg/L, and 

6.0mg/L. The concentration of immobilized beads was 

1.0mg/ml and hence 2μl of these beads were added to 

immobilize on the surface of the sensors. A sufficient number 

of beads to cover the sensor area was added and allowed to 

settle for about 1hr before the sensor was washed with 

distilled water to remove any attached beads. Studies reveal a 

link between CRP concentrations and the risk of patients who 

are prone to cardiac diseases. Based on the concentration of 

CRP present in the sample, three different levels of patient’s 

risk can be assessed; low risk (below 1mg/L), medium risk (1-

3mg/L) and high risk (above 3mg/L). We hence chose the 

aforementioned concentration samples to cover all risk levels. 

The samples were diluted with the commercially available 

azide buffer to avoid CRP denaturation during the sample 

handling process. 

 

IV. RESULTS AND DISCUSSION 

A. Actuation Test 

After placing the chip in the holder, the LabSmith High 

Voltage Sequencer is connected to the chip through the micro-

clips and controlled by a laptop. The sequencer generates high 

voltages and provides feedback readouts of the applied 

voltage-current on the pads. The test employs the open DMF 

configuration by grounding one set-line of electrodes and 

activating the desired terminals on the other. As found in the 

simulation results, the 2-terminal fractal electrode is tested by 

activating one terminal and keeping the other terminal float. 

This configuration will keep the complexity of the wiring on 

the same level to the conventional 1-terminal electrode 

system, and thus will work similarly in that perspective.  

A responsive actuation of a 20μl water droplet was 

observed at an applied voltage of 100V using the fractal-

electrode device, as illustrated in Fig.6 (a-h). As expected 

from the simulation results, the droplet-electrode interface is 

(a)  (b)  
 

Fig. 4. (a) Laser-fabricated holder for probing electrodes, (b) The 

holder after assembly. 

         
(a) Coated with 10mM MPA for 24hrs.   (b) Incubate with EDC/NHS for 4hrs.   (c) Coat anti-CRP antibodies. 

               

         
(d) Immobilized anti-CRP antibodies.   (e) Add the human CRP serum      (f) Attachment of the CRP to the antibodies. 

                                

Fig. 5. Schematic representation of immobilizing anti-CRP antibodies. 
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experiencing about the same reduction in contact angle that 

facilitate the motion. However with the V-notch square 

electrode device, the 20μl droplet didn’t actuate under the 

applied voltage, and only pulsated on the spot. The volume of 

the droplet was increased to 30μl to cover bigger area, and a 

typical dragging motion was observed with 100V. Unlike the 

fractal electrode, the contact angle in the V-notch square 

electrode is reduced more on the edges that hinder the droplet 

motion.  

B. EFFECTIVE DIELECTRIC STRENGTH 

MEASUREMENT 

The effective dielectric strength of the fabricated devices is 

evaluated using the same configuration in the actuation test. 

The voltage was gradually increased on the tested electrode 

while obtaining its I-V characteristics. The breakdown voltage 

is taken when the current value shoots abruptly to the preset 

high limit. The LabSmith High Voltage Sequencer is used to 

generate the voltage and then measure the voltage and current 

on the selected electrodes at the same time. The results show 

an improvement of the effective dielectric strength of about 

33% in the fractal-electrode that elevated the breakdown 

voltage to 1600V, as depicted in Fig.7. As shown in the 

simulation, the reduced field intensity peaks between the 

fractal electrodes are linked to the higher breakdown voltage 

on the fractal.Though both devices have the same dielectric, 

the V-notch square electrode experiences a higher electrical 

potential difference, and thus, is more likely to dielectric 

breakdown failures. This high voltage tolerance in fractal 

electrodes will permit the use of different liquids in DMF 

platforms, with less concern about their contact angle.  

C. CRP QUANTIFICATION 

Passive agglutination is a process in which antibodies are 

first coated onto latex support and then combined with antigen 

to see agglutination. One of its applications is the detection of 

CRP which is produced by the liver. All methods of detecting 

or quantifying an antigen or antibody take advantage of the 

fact that they react to form complexes; this is something that is 

specific to CRP. At the optimum antigen-antibody 

concentration, these complexes precipitate out. However, if an 

antigen is specific in nature, agglutination of the antigen-

antibody complex is observed. To quantify CRP proteins, two 

sensors were employed: (1) untreated fractal electrodes, and 

(2) surface-treated fractal electrodes “biosensors.” When we 

used the untreated fractal electrode, not much difference in 

capacitance readouts were observed with different 

concentrations; we thus had to undertake the surface treatment 

procedure. When the sensors were immobilized with anti-CRP 

antibodies, we could see the clear quantification of the given 

samples. CRP proteins were diluted to concentrations of 

0.5mg/L, 2mg/L and 6mg/L. These are the quantified 

concentrations that were chosen by American Heart 

Association (AHA) as the limits for assessing the risk of 

cardiac diseases. To quantify these concentrations, 2µl of the 

proteins diluted with azide buffer were added on the 

immobilized surface and measured using the Agilent E4980A 

Precision LCR Meter through the control unit. The 

capacitance was measured at 1kHz for approximately 15 

minutes; it is plotted in Fig.8(a). The capacitance decreased as 

the concentration of the serum proteins increased. The limit of 

detection (LOD) test is performed by adding different 

concentrations to the biosensor, from as low as 0.25mg/L to 

10mg/L. The ratio of increase in capacitance with 

concentration is shown in Fig.8(b). From this figure, it is 

evident that the ratio of increase in capacitance was decreasing 

with the increase in concentration. The ratio increase was 

around 214 times for a concentration of 0.25mg/L, and 

decreased to around 7 times for a concentration of 10mg/L, 

which confirms that the sensors were able to quantify a given 

sample. The biosensor measurements showed a response in 

capacitance within 3 minutes, which indicates a high 

sensitivity to CRP concentrations. However, the capacitance 

 
Fig. 7. I-V characteristics of the fractal and V-notch square 

electrodes. 

(a)

(c)

(d)

(e)

(f)

(g)

(h)

(b)

 
 

Fig. 6. (a-h): Image sequence showing a droplet actuation in a 

fractal electrode device. 



1530-437X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2016.2578440, IEEE Sensors
Journal

 7 

level has an inverse relationship to the concentrations. This 

phenomenon can be interpreted as a dielectric reduction due to 

more antigen-antibody interactions. The capacitance tends to 

stabilize with time as a result of the agglutination complex that 

is being formed with time. Untreated fractal electrode 

measurements showed no significant sensitivity to the CRP 

concentrations as the capacitance was slightly dropped. This 

result suggests that the antibody-immobilization step is crucial 

to CRP quantification. 

V. CONCLUSIONS 

A successful integration of a fractal electrode biosensor in a 

simple DMF system is reported in this work. The improved 

performance is validated by a simulation comparison of the 

electrical field between the fractal and V-notch electrodes. A 

responsive droplet actuation is observed in the fractal 

electrodes with no dragging behavior. The droplet dragging 

usually is caused by the unbalanced contact angles at the 

droplet-electrode interface, which resulted in hindered motion 

of the droplet. With a uniform electrical field in the fractal 

electrode, the droplet is sliding on the electrodes and hence the 

voltage has efficiently actuated the droplet. For that reason, 

the effective dielectric strength is improved in the fractal 

electrode by a 33% increase of the breakdown voltage when 

compared to the V-notch square electrode. The fractal 

electrode is capable of capacitive sensing because of its 

structure. Selected fractal electrodes are transformed easily 

into CRP biosensors by a surface treatment procedure. The 

biosensor result shows a CRP response that is sensitive but has 

a decreasing sensitivity-trend as the CRP concentration 

increases. Untreated fractal electrodes measurement shows no 

significant response. The fractal electrode is an economical 

choice for future development of technology. Although the 

fractal electrode introduces several advantages, a potential 

drawback is the number of pads required for each electrode. 

That might be problematic for routing the connection wires in 

a big sophisticated system. Nonetheless, different biosensors 

can be selectively added to the DMF platform with simple 

processes. It can also provide feedback signals to improve the 

automation of the process besides lengthening the durability of 

the device. 
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