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Abstract 

This study concerns the role of the wetting properties of the substrate on the dynamic response of biofluid 

droplets on open configuration electrowetting chips, using coplanar interdigited electrodes. The biofluids used are 

solutions of GFP (Green Fluorescent Protein) and suspensions of GFP-expressing Escherichia coli (E. coli) cells. 

Regarding the dynamic response of the droplets on the chips, the results evidence a swift response of the droplet 

at lower imposed actuation frequencies (<300Hz). However, the maximum spreading diameters are achieved at 

the highest frequencies (=400Hz). This dynamic behaviour of the droplet is strongly related to the electrical forces, 

which do not always overcome the adhesion forces at the droplet-substrate interface. In this context, minimizing 

the contact angle hysteresis alters dramatically the behaviour of the droplet, both regarding the spreading and the 

recoiling motion, being the key to enhance the efficacy of the electrowetting chip in transporting the droplet. 

 

Introduction 

Since its introduction in 1990 by Manz [1] that lab-on-chip systems have evolved swiftly. Lab-on-chip or micro-

total analysis systems (-TAS) are microfluidic devices that perform a number of programmed operations and 

biochemical analysis, which would otherwise require the use of multiple expensive and complex laboratory 

equipment. Lab-on-chip systems have also a high potential to be applied in point-of-care diagnostics, as they 

meet the various requirements identified by the World Health Organization for the development of diagnostic tools 

for infectious diseases at resource-limited settings, such as affordability, sensitivity, equipment free, robustness 

and portability [2]. Point-of-care diagnostics is truly a lifesaving solution in developing countries, but is also vital in 

urgent and rare disease diagnostics in developed countries.  

A vital part of the lab-on-chip devices concerns the manipulation and transport operations of the biosamples, 

which requires an accurate control of the fluid dynamics occurring at liquid-surface interfaces. Most of the lab-on-

chip systems under development adopt a closed configuration in which samples are transported in an immiscible 

continuous medium. Despite being well studied and thus easier to implement, closed configuration systems have 

several limitations related to the complex geometry, difficult maintenance, clogging issues, difficult access to the 

samples and use of several pumping auxiliaries. As an alternative approach, some authors suggest open 

configuration systems, in which an external actuation such as electrowetting is used for sample manipulation, 

aided by surface microfluidics, i.e., fluidic pathways using hydrophobic or superhydrophobic patterns, created on 

a single surface. These open configuration systems allow a significant further reduction of the samples and 

reagents, simpler configurations without auxiliary pumping systems and faster analysis, given the smaller diffusion 

distances, which also allow a more efficient control of the reactions [3-4]. Despite the current strong background 

on the basic principles of electrowetting and of the EWOD – electrowetting on dielectric configuration, provided by 

the extensive research that has been developed in the last decades, as revised for instance in [5], there are still 

challenges to overcome particularly when implementing effective lab-on-chip open configuration systems. For 

instance, following the classical electrowetting theoretical description given by the Young-Lippmann equation [6-

7], based on the thermodynamic balance of the interfacial tensions, alternative models have been proposed to 

explain the decrease of the contact angle by external actuation of an electrical field. In this context, 

electromechanical [5,8-9] and energy minimization models [5,9-10] propose that the energy gradient is in fact the 

driving effect behind electrowetting-induced motion, but still not provide a well sustained explanation for particular 

phenomena (e.g. the contact angle saturation), which are not well described yet, exception made to a few models 

(e.g. [11]). Hence, as recently reviewed for instance by [12] despite several theories have been proposed to 
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describe contact angle saturation and, few authors suggest to use AC current to suppress saturation, the 

theoretical models do not clearly explain this approach. Also, there is no experimental evidence on the 

suppression of contact angle saturation when AC voltage is used. 

Another vital issue to overcome towards the efficient implementation of open configuration lab-on-chip systems is 

the actual sparse information reported in the literature concerning the transport of biofluids. Following Sirivasan et 

al. [13] who report the successful transport of physiological fluids, several authors report the effective 

electrowetting-induced transport of proteins and DNA [13-14], but it is not clear which are the most suitable 

electrochemical properties of the fluids or the most important parameters governing biofluids transport and 

manipulation. Adsorption of the biocomponents on the dielectric substrate is also a problem that is not completely 

understood yet and its effects on the surface wettability are taken to a secondary level. Hence [13,15-16] report 

high adsorption of biocomponents and particularly proteins to substrate materials commonly used as dielectrics in 

EWOD configurations, e.g. Teflon (PTFE – Polytetrafluoroethylene). Recent work by Moita et al. [17] evidence 

that adsorption locally reduces the contact angle, which aids droplet spreading but also promotes energy 

dissipation at the contact line, thus precluding droplet receding and making the droplet transport more difficult. 

Although there is very little research on adsorption of biomolecules and cells onto dielectric substrates commonly 

used in EWOD systems (e.g. Silicon Nitrate-Si3N4, Parylene, Tantalum pentoxide Ta2O3, Polydimethylsiloxane-

PDMS, SU8 resist), it is clear that this effect should not be neglected. Given that superhydrophobicity usually 

requires a nano-to-micro topography modification, some authors consider the surface patterning to promote and 

control droplet motion in EWOD systems [18]. However, care must be taken when following this procedure, as it 

may lead to asymmetries and instabilities in droplet shape [9]. 

Finally, there are numerous papers concerning EWOD applications on microchips (including lab-on-chip 

systems), but the discussion on the chip design and configuration, including the influencing parameters and how 

they affect the chip configuration is barely accessed. As the droplet is transported on the chip surface, the size 

and distance between electrodes must account for the wetting properties and how they affect droplet dynamics, 

which should be balanced by the particular parameters affecting the electrical field. Given that the droplet motion 

must be controlled by the programmed actuation on the co-planar electrodes, to assure the generation of an 

electrical force in the desired droplet motion, instead of performing a very complex programming of the microchip, 

several authors follow a simpler approach, imposing an adjustable frequency to the electrical signal [19-21]. This 

was also the approach followed in the present work. The studies reported in the literature discuss on the use of 

AC or DC voltage and the effect of the applied voltage and frequency on the electrical field, on the electrical force 

and on the velocity of the droplet, but once again the interfacial phenomena occurring between the droplet and 

the surface are often neglected. 

In this context, the present work addresses the dynamic behaviour of fluid droplets containing bio components on 

EWOD microfluidic open configuration chips, using co-planar interdigited electrodes. Solutions of a model protein 

are used to infer on the possible effects of the protein adsorption, reported in the literature, on the wetting 

properties and consequently on the dynamic behaviour of the droplets. Experiments are also performed using 

suspensions of Escherichia coli cells (~1 µm). A detailed analysis on the wetting properties of several dielectric 

substrates is performed and their effects on the dynamic behaviour of the droplet (spreading and receding 

diameter and contact angles) are discussed.  

 

Material and methods 

Experimental arrangement 

The work performed here describes the dynamic behaviour of biofluid droplets transported on open microfluidic 

chips with different configurations (size of the electrodes and distance between them) and of the wetting 

properties of the dielectric coating. Initial droplet diameters are constant and equal to D0=3.0±0.2 mm. The liquids 

used are a solution of the Green Fluorescent Protein (GFP) and a suspension of GFP-expressing Escherichia coli 

cells with different concentrations to evaluate the feasibility of the devised chips to transport cells. GFP and GFP-

expressing E. coli are used because, being a naturally fluorescent protein, itis easy to identify, thus allowing to 

detect adsorption to the substrate.  

 

The chips, manufactured at INESC-MN are assembled on a glass substrate to cope with high voltages (of the 

order of 250V). The glass substrate of each chip is 48mm long, 30mm wide and 0.7mm thick. A 0.6m aluminum 

film is deposited over the glass substrate. The various electrodes configurations are printed by lithography and 

the patterned transferred by wet etch. Finally, a thin film of a dielectric material is deposited on the chip assembly. 

The chips mainly comprise numerous interdigited electrodes displaced with a fixed distance of 60m between 

them. The variable in the chips configuration is the width of the electrodes, which varies between 80m and 

1400m. The length of the electrodes is 24mm. The usable chip area is 32x22mm
2
. 

DC current is used to avoid the occurrence of limiting frequencies for which the Lippmann equation is not satisfied 

[5]. However, since the basic principle for droplet motion in these chips requires switching polarities between 
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neighbouring electrodes, within an imposed frequency, a custom made frequency was implemented to the chip 

using a square wave, to assure the generation of an electrical force in the direction of the desired motion. 

Basically this wave is a duty cycle which defines the time during which the electrode is actuated. A similar 

approach was followed for instance by [20]. This custom made electronic circuit is controlled using an Arduino, 

which has an internal clock with a frequency of 16MHz. The imposed duty cycle, which acts as the switching 

frequency between electrodes, was programmed to vary between 50Hz and 400Hz, so one could infer on the 

effect of this frequency on the dynamic response of the droplet. The negative polarity of the chips is grounded, so, 

it will have a zero potential, i.e. the overall potential difference applied to the chip corresponds to the voltage 

applied to the positive polarity of the power supply. This configuration is similar to that considered by [20], for 

which the applied voltage is V=V0/2 and contrasts with other studies reported in the literature e.g. [19]. For the 

configurations using AC current the applied voltage is also different from that used in the present work, as it is 

given by V=V0/(2)
1/2

, where V0 is the voltage provided by the power source. The applied voltage is varied from 0 to 

250V, also to infer on its influence on the droplet motion. The power supply used here is a Sorensen DCR600-

.75B. The wetting properties of the dielectric coating should play a major role on the dynamic response of the 

droplet. Hence, various dielectric materials are characterized in terms of topography and wettability, as described 

and the following paragraphs and further selected to serve as the coating for the chips to test. Droplet motion is 

then analysed, also taking into account the wetting properties of the selected dielectrics. 

It is worth mentioning that since the coplanar electrodes have opposite polarities, the droplet must cover at least 

two electrodes. This restriction demands to have a priori estimative of the spreading diameter of the droplet. For 

this purpose, a simplified set-up was built to study the fundamental response of the droplet and assess the range 

in the size of the electrodes that could be explored. This experimental arrangement is described in detail in [17] 

but is mainly composed by an electrode dipping inside the droplet (a tungsten wire with 25m diameter, from 

Goodfellow Cambridge Ltd) and a counter electrode (a copper cylinder). The electrode dipped inside the droplet 

is), while the counter electrode is copper cylinder. A 10m Teflon film (Goodfellow Cambridge Ltd) is used as the 

dielectric layer. As recommended by [22], a very thin film of sodium chloride was placed between the counter 

electrode and the dielectric to avoid the presence of an air gap. Both electrodes are connected to the Sorensen 

DCR600-.75B power supply and DC voltage is applied. The tests are performed inside a Perspex chamber with 

quartz windows to avoid optical distortion) under continuously controlled temperature and relative humidity 

conditions. The measurements are taken with a DHT 22 Humidity & Temperature Sensor. The measurements are 

acquired at a sample rate of 0.5Hz. Relative humidity is measured within 2-5% accuracy, while temperature 

measurements are taken within ±0.5°C accuracy. The temperature was observed to be constant within T=20±3ºC 

and relative humidity was kept constant between 75% and 78%. At these controlled temperature and humidity 

conditions, droplet evaporation is a non-negligible effect, but only for large time intervals (of the order of 1500s) 

[17], which are much larger than those considered in the dynamic response tests considered here (of the order of 

tens of milliseconds). 

 

Preparation of the solutions and characterization of their physical-chemical properties 

As aforementioned, the experiments are performed using a GFP (produced and purified in house) solution with 

1.71x10
-3 

mM concentration and GFP-expressing E. coli suspensions with concentrations of 1x10
9 

cells/ml and 

2x10
9 

cells/ml. The solutions and suspensions are characterized in terms of density, viscosity and surface tension. 

Density,  is measured with a pycnometer for liquids and the dynamic viscosity,  with an ATS RheoSystems (a 

division of CANNON
®
 Instruments, Co) under controlled temperature conditions.  For the range of accuracy of 

±5%, the solutions are observed to have density and viscosity values very close to those of water. Surface 

tension lv is measured under controlled temperature conditions (20±3ºC) with the optical tensiometer THETA 

(Attention), using the pendant drop method. The value taken for the surface tension of each liquid tested is 

averaged from 15 measurements. The surface tension of all the solutions used here is very close to that of water, 

as shown in Table 1, which summarizes the physico-chemical properties of the fluids used in the present work.  

 

Table 1. Thermo-physical properties of the working fluids. 

Solution Density  

[kg/m
3
] 

Surface 

tension lv 

[mN/m] 

Dynamic 

viscosity [Ns/m
2
] 

GFP (1.71x10
-3 

mM) 998 72.20.7 1x10
-3

 

GFP-expressing E. coli (1x10
9 
cells/ml) 998 73.80.04 1x10

-3
 

GFP-expressing E. coli (2x10
9 
cells/ml) 998 73.80.04 1x10

-3
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Measurement of the contact angles and characterization of the dynamic response of the droplets 

The wettability of the dielectric substrates is quantified by the static contact angle e and by hysteresis, 

determined as the difference between the advancing and receding contact angles, measured with the optical 

tensiometer THETA from Attention. This characterization is performed for all the liquid-substrate pairs considered 

in the present study. The static angles are measured using the sessile drop method. The size of the images taken 

with the tensiometer is 640×480 pixels and the spatial resolution of the system for the current optical configuration 

is 15.6m/pixel. The images are post-processed by a drop detection algorithm based on Young-Laplace equation 

(One Attention software). The accuracy of these algorithms is argued to be of the order of  0.1º [23]. Contact 

angle hysteresis is assessed at room temperature (20ºC ± 3ºC), following the procedure described by Kietzig
 
[24]. 

Briefly, a small water drop is dispensed from a needle and brought into contact with the surface. The volume of 

the drop is increased and the advancing contact angle is taken as the one just before the interface diameter 

increases. Afterwards, the drop diameter decreases and the receding contact angle are taken as the one just 

before the interface diameter decreases.  

The dynamic response of the droplets on the open configuration chips is discussed based on the evaluation of the 

temporal evolution of the droplet-surface contact diameter. The velocity of the contact line motion is also 

evaluated. These quantities are determined from high-speed visualization and post-processing. The high-speed 

images are taken at 2200 fps using a Phantom v4.2 from Vision Research Inc., with 512x512 pixels@2100fps 

resolution. For the present optical configuration the spatial resolution is 25m/pixel and the temporal resolution is 

0.45 ms. These quantities are determined based on a home-made post-processing routine developed in Matlab. 

Temporal evolution of the contact (spreading and receding) diameters is presented as the average curve of at 

least 3 events, obtained at similar experimental conditions. Accuracy of the measurements is evaluated to be ±25 

m for the contact diameter.  

 

Characterization of the dielectric substrates of the chips 

To select the most appropriate dielectric coatings to be used, various coatings, from the various materials that 

could be deposited at the INESC-MN are tested, as summarized in Table 2. The coatings are characterized 

based on their topography and on their static and dynamic wettability. Surface topography is characterized using 

a Dektak 3 profile meter (Veeco) with a vertical resolution of 20nm. The contact angles are measured using the 

optical tensiometer THETA from Attention, as described in the previous paragraphs. The surfaces used are quite 

smooth, as confirmed in Table 3, which depicts the mean roughness Ra, the peak-to-valley roughness Rz and the 

maximum peak-to-valley roughness Rt.  

 

Table 2. Properties of the dielectric coatings tested over the interdigitated electrodes. 

Dielectric coating Dielectric 

strength [kV/mm] 

Dielectric 

constant 

[-] 

Coating 

thickness 

[m] 

Teflon (PTFE) 60 2.1 10 

Polydimethylsiloxane (PDMS) 21.2 2.3-2.8 30 

SU8 resist 440 3 10 

Silicon Nitrate (Si3N4) 500 7.5 0.4 

 

 

The static contact angles and the hysteresis are given in the following section, as they are important in the 

analysis of the results. 

 

Table 3. Main topographical properties of the dielectric coatings tested for the chips manufacturing. 

Dielectric coating Rax10
-4 

[m] 

Rzx10
-4 

[m] 

Rtx10
-4 

[m] 

Teflon (PTFE) 0 0 0 

Polydimethylsiloxane (PDMS) 13.120 40.248 79.168 

SU8 resist 16.295 120.055 148.172 

Silicon Nitrate (Si3N4) 1.838 4.340 10.935 

 

 

Adsorption analysis using Laser Scanning Confocal Microscopy 

To infer on the possible adsorption of the biocomponents on the dielectric substrates, simple tests are performed 

in which droplets of 3.0±0.2 mm of the biofluids (with different concentrations) are deposited on the surfaces. 

Afterwards, a sequence of tests with and without electrostatic actuation is performed and the “footprints” of the 
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droplets are observed on a Laser Scanning Confocal Microscope (Leica SP8). The images are taken with a 4X 

magnification (0.10 of numerical aperture), with a pixel size of 5.42m x 5.42m.  The obtained images are then 

post-processed to determine the mean grey intensity (sum of intensities divided by the number of pixels in the 

region of interest of the droplet footprint) and the Area Integrated Intensity (sum of intensities of pixels in the 

region of interest of the droplet footprint normalized by unit of area (m
2
). Since the droplet spreads after 

actuation, the integrated density is weighted with the area. To reduce the noise, the average grey intensity levels 

of the background image were also subtracted. The final result is the herein so-called Total Corrected Droplet 

Fluorescence – TCDF, as proposed by Moita et al. [17]. Higher values of TCDF can be associated to a larger 

quantity of the protein or cells adsorbed by the substrate. 

 
Results and discussion 

Configuration of the chips and selection of the dielectric coating 

Since the spreading diameter depends on the wetting properties of the dielectric coating, to reduce the costs and 

improve the efficacy in the design of the test chips, this effect must be studied a priori, to select the most 

appropriate dielectric to use when manufacturing the chips.  

As aforementioned, the electrical configuration used in the present study requires the droplet to cover at least two 

electrodes. This means that one must have, a priori, an estimative of the spreading diameter of the droplet. In this 

context, fundamental tests are performed prior to determine the test chips configuration, using the simplified set-

up described in the previous section. Thin Teflon films (10m thickness) are used as the dielectric coating, since 

they can be easily applied and replaced. For these tests the droplets are deposited on the Teflon film and various 

voltages are applied. Figure 1 depicts the temporal evolution of the spreading diameters (made non-dimensional 

by the initial diameter of the deposited droplet D0V) of E. coli suspension droplets (1x10
9 

cells/ml), for different 

applied voltages. t=0ms is the time instant at which the electrostatic actuation starts.  
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Figure 1. Electrowetting induced spreading of the contact line for various applied voltages, obtained for a GFP-expressing E. 

coli suspension (1x10
9 
cells/ml). 

As expected, the maximum spreading diameter is larger for higher applied voltages. The maximum droplet 

spreading occurs approximately 10ms after the actuation, being followed by a small recoiling. The spreading of a 

protein solution, as shown in [17] and of the cell suspension are very similar, both in terms of the dynamic 

response of the droplet and of the maximum spreading diameter. This is due to the fact that both solutions have a 

very similar surface tension, which is very close to that of water (Table 1). The effect of the solute concentration is 

not studied, as it does not significantly influence the spreading behaviour [17]. Hence, the spreading behaviour is 

mainly a function of the wetting properties of the dielectric coating. In line with this, it is worth performing a more 

detailed study to select the most appropriate coatings to use in the test chips.  

Table 4 depicts the equilibrium angles e, obtained for each test fluid on the various dielectric coatings. 

 

 



ILASS – Europe 2016, 4-7 Sep. 2016, Brighton, UK 

Table 4. Equilibrium angles e, obtained for each pair fluid-dielectric substrate considered in the present work. 

Dielectric coating e [º] 

GFP 

1.71x10
-3 

mM 

e [º] 

E. coli  

(1x10
9 
cells/ml) 

Teflon (PTFE) 112±5 112±5 

Polydimethylsiloxane (PDMS) 120±1 112±2 

SU8 resist 71.8±0.3 65±3 

Silicon Nitrate (Si3N4) 65±3 59±4 

 

The static angles are naturally insufficient to characterize the wetting behaviour of the substrates. Additional 

information can therefore be obtained evaluating the contact angle hysteresis, as depicted in Figures 2a) and b) 

for GFP solutions and E. coli suspensions, respectively.  
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Figure 2. Contact angle hysteresis evaluated for: a) a 1.71x10
-3 

mM GFP solution and b) a 1x10
9 
cells/ml GFP-expressing E. 

coli suspension on the tested dielectric substrates. 

 

The values of the contact angles are very similar for both fluids, being the differences attributed to the 

experimental variations associated to the hysteresis and small chemical surface heterogeneities. The results 

depicted in Table 4 and in Figure 2 show that any of the dielectric substrates is superhydrophobic, being the 

highest contact angles, of nearly 120º obtained for the PDMS substrates. This is expected since it is known that 

the highest contact angles obtained for smooth surfaces are approximately 120º. However, at this stage of the 

work and following the analysis reported in previous work [9,17-18], the complexity introduced in the droplet 

behaviour associated to surface topography requires a deepen study which is out of the scope of the current 

paper. Despite having high contact angles, which is desired for the current application in order to endorse droplet 

motion, PDMS and Teflon substrates depict high hysteresis, which in turn is proportional to the surface adhesion 

and promotes energy dissipation at the contact line. This dissipation is one of the main factors precluding the 

recoiling motion that is observed in Figure 1, as recently shown by Moita et al. [17]. 

In addition, [17] report that the GFP protein was adsorbed by the Teflon substrate, leading to a local increase of 

surface wettability and further contributing to preclude the receding motion, as this wettability increase is 

irreversible, taking the contact angles to values near saturation. In this context, one should infer on the possible 

adsorption of the GFP and of the E. coli cells by the substrates, as depicted in Figure 3. The Figure, which shows 

the Total Corrected Droplet Fluorescence – TCDF value evaluated for each substrate, clearly evidences a strong 

adsorption of the GFP by most of the substrates, being quite reduced for the PDMS substrate. Adsorption of E. 

coli cells was also observed that was also minimum in the PDMS substrate. Despite being negligible for the 

dynamic behaviour of the droplet, the concentration of the solute endorses the adsorption and consequently may 

indirectly affect the droplet behaviour.  
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Figure 3. Adsorption of the biocomponents (GFP and E.coli cells) by the dielectric substrates quantified by the Total Corrected 

Droplet Fluorescence – TCDF. a) GFP (1.71x10
-3
mM), b) E. coli (1.0x10

9
cells/ml), c) E. coli (2.0x10

9
cells/ml). 

 

Following this analysis and given that the hysteresis is high for all the tested substrates, the most suitable 

substrate is the PDMS, as it provides the highest contact angle with the working fluids, while minimizing the 

adsorption of the biocomponents. 

Regarding the configuration of the chip, the global electrical capacitance of the chip C  ln [(1+(w/a)+((1+w/a)
2
-1)

 

1/2
] [25], where w and a stand for the width of the electrodes and distance between them, respectively, as 

illustrated in Figure 4. Also, given that, to optimize C, a<<w and that due to fabrication simplification, a=30m, 

four main configurations are considered at this stage of the work, for a=30m and w=80m, 120m, 1200m and 

1400m. The larger electrodes still assure that the spreading droplet touches at least 2 electrodes, based on the 

spreading diameters depicted in Figure 1. Due to paper length constrains only two configurations are discussed, 

namely for w=120m and w=1200m. The overall dimensions were selected to assure that the system 

capacitance is high enough for the droplet to move.  
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Figure 4. Schematic of the droplet over two coplanar interdigited electrodes, identifying the relevant dimensions for the 

configuration of the chips, w – width of the electrodes and a - distance between consecutive electrodes. 

 

Droplet motion on the test chips: effects of the applied voltage and of the frequency and their relation 

with the wetting properties 

Following the fundamental study required to determine the basic chip configuration and to select the most suitable 

wetting properties of the dielectric substrates to use on the test chips, the following paragraphs discuss the 

dynamic behaviour of the droplets on the chips, addressing the effect of the applied voltage and of the imposed 

frequency on the contact diameter and on the spreading velocity. The results are analysed at the light of how the 

wetting properties of the dielectric substrates affect the performance of the chip configuration. 

Figure 5 shows the temporal evolution of the spreading contact diameter of a droplet on two coplanar electrodes, 

for the configuration with a=30m and w=1200m, for various applied frequencies. The Figure suggests a distinct 

behaviour for low and high imposed frequencies. Hence, for imposed frequencies bellow 300Hz, the droplet has a 

sudden diameter increase and tends to stabilize in an approximately constant value afterwards. The sudden 

diameter peak is higher for larger frequencies and seems to occur at earlier instants for increasing frequencies. 

The response of the droplet to the actuation becomes slower for imposed frequencies above 300Hz, being this 

trend more evident at higher applied voltages. In this case, the peak on the spreading diameter is no longer 

observed, but instead the droplet diameter is slowly increasing until a maximum value. Consistently with the 

Young-Lippmann equation, the contact angles have a steep decrease at higher applied voltages thus, for the 

same imposed frequency, the spreading droplet diameter is larger for increasing imposed voltages, as observed 

when comparing the plots in Figures 5a) and b).The current configuration requires very high imposed voltages 

(above 200V), being limited to 250V, as above this value, the dielectric breakdown occurs leading to electrolysis 

inside the droplet, which in turn generates a violent droplet disintegration, in agreement with the observations 

reported, for instance by [5,19]. The dynamic behaviour of the droplet is illustrated here for two voltage values of 

200V and 230V, respectively, but is consistently observed for all the applied voltages, in steps of 15V. The effect 

of the frequency is shown in a clearer manner in Figure 6, which depicts the spreading velocity of the droplet, as a 

function of the imposed frequency. This Figure suggests an optimum working frequency between 250Hz and 

350Hz, which is somehow in agreement with previous works (e.g. [19]) which select as working frequency for their 

electrowetting chips values between100 and 300Hz. Qualitatively one may explain this result as in Sen et al. [21], 

who show that the contact radius periodic response to an AC applied voltage shows wider temporal oscillations 

for increasing frequencies, which is in agreement with the slower motion of the droplet for the highest frequencies. 

The velocities obtained in the present work are lower than those reported in other studies in the literature (e.g. 

[19-21]), as the electrodes configuration is not yet optimized. On the other hand Figure 7 shows that despite the 

droplet depicts a swift response at lower frequencies, being very high at the “optimum frequencies”, i.e. within the 

range between 250-340Hz, the largest spreading diameter occurs for the highest frequencies.  

The applied force which is FA1/2CeqVapp
2
, where Ceq is the equivalent capacity of the system and Vapp is the 

actual voltage applied at the electrodes, must overcome the resistance force of the surface to the motion of the 

droplet FRlvd.Hysteresis. The detailed model describing this behaviour is in progress and cannot be presented 

in this paper due to length constrains, but it is obvious that the high adhesion force of the substrate, even though 

is the one with the highest contact angles and lower adsorption effects is restraining the spreading motion of the 

droplet. Then, the energy dissipation during this motion precludes the recoiling, thus turning the motion of the 

droplet irreversible. Consequently it is difficult for the droplet to be transported to the subsequent electrodes. 
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Figure 5. Temporal evolution of the spreading diameter of a 1.71x10
-3 

mM GFP droplet, moving between coplanar electrodes, 

for the configuration a=30m and w=1200m. a) V=200V, b) V=230V. The dielectric substrate is PDMS. 
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Figure 6. Spreading velocity of a 1.71x10
-3 

mM GFP droplet, between coplanar electrodes for the configuration, for the 

configuration a=30m and w=1200m, for different imposed frequencies at V=200V. The dielectric substrate is PDMS. 
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Figure 7. Maximum spreading dimensionless diameter of a 1.71x10
-3 

mM GFP droplet, moving between coplanar electrodes, for 

the configuration a=30m and w=1200m, for different imposed frequencies at V=200V. The dielectric substrate is PDMS. 

 

To cope with this problem, an alternative electrode configuration was selected, in which the width of the 

electrodes was significantly reduced 100 times, so that one may have more than 2 electrodes covered by the 

moving droplet. Comparative results between the two configurations are presented in Figures 8 and 9, which 

compare the contact line velocity and the maximum spreading diameter, as a function of the imposed frequency.  
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Figure 8. Comparison between the spreading velocity of a 1.71x10

-3 
mM GFP droplet, for the configuration a=30m and 

w=120m and for the configuration a=30m and w=1200m, for different imposed frequencies at V=200V. The dielectric 

substrate is PDMS. 

 

The results suggest that increasing the number of electrodes covered by the droplet (for w=120m) allows a 

faster response at lower frequencies, probably because it locally promotes the overall electrical force to overcome 

the high adhesive force of the substrate acting on the droplet. An optimum working frequency of 300z is also 

suggested to occur for this configuration. However, the maximum spreading diameter of the droplets is actually 

smaller for this configuration, so the transport cannot be considered more effective. Hence, additional work is still 

required to obtain the optimum configuration of the electrodes. Furthermore, the recoiling motion is still much 

limited, so the droplet transport is still strongly restricted. 
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Figure 9. Comparison between the maximum spreading dimensionless diameter of a 1.71x10
-3 

mM GFP droplet, for the 

configuration a=30m and w=1200m and for the configuration a=30m and w=120m, for different imposed frequencies at 

V=200V. The dielectric substrate is PDMS. 

 

To reduce this effect and being unable to work with other dielectric materials, an alternative solution was 

considered, which addresses applying a thin coating (of the order of a few microns) to the substrate. This coating 

is composed by a perfluoroalkyltrichlorosilane combined with perfluoropolyether carboxylic acid and a fluorinated 

solvent [26]. Given that the application of this coating is permanent, this solution was tested on the simplified 

electrowetting configuration, on the Teflon film. The contact angle increases to values near 150º and the 

hysteresis is reduced by more than 20º. Furthermore, this coating seems to reduce the adsorption of the proteins 

and of the cells by the substrate [17], so the irreversible contact angle decrease associated to the adsorption 

mechanisms is also minimized. This modification of the wetting properties has a dramatic effect on the droplet 

behaviour, as illustrated in Figure 10. Hence, the spreading diameter is significantly larger and is followed by a 

pronounced recoiling, allowed by the noteworthy hysteresis reduction. This coating is now being applied to the 

chips to perform additional tests. Based on these results, which are in agreement with those reported by [17], it is 

clear that the wetting properties and particularly the hysteresis play a major role in the dynamic response of the 

droplet under electrostatic actuation, even for very high applied voltages.   
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Figure 10. Effect of the wetting properties of the substrate on the induced spreading of the contact line for various applied 

voltages, obtained for a GFP-expressing E. coli (1x10
9 
cells/ml) solution. 

Conclusions 

The present work addresses the dynamic response of biofluid droplets to an electrostatic actuation, focusing on 

the role of the wetting properties of the substrate. The fluids considered here are solutions of GFP (Green 

Fluorescent Protein) and suspensions of GFP-expressing E. coli cells, which are naturally fluorescent, so they are 

easily detected and tracked (e.g. to infer on adsorption and contamination of the substrate). The first part of the 

work addresses a fundamental study to infer on the main effects of the surface wetting properties on the 

spreading diameter of the droplets under actuation. These results show that the major obstacle to the droplet 
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spreading is the energy dissipated at the contact line, associated to large hysteresis, which limits the spreading 

diameter, but also precludes the droplet recoiling. These also evidence a non-negligible effect of the adsorption of 

the biocomponents on the substrates, which locally decreases the contact angle to values close to that of 

saturation, further limiting the droplet spreading. The values obtained for the spreading diameters in this early part 

of the study were vital to determine the basic electrodes configuration (size of the electrodes and distance 

between them) which were tested in the subsequently stage of the work. The chips assayed are assembled to 

work in an open configuration, using coplanar interdigited electrodes. The detailed characterization of the dynamic 

response of the droplet on the test chips evidences a swift response of the droplet at lower imposed actuation 

frequencies (<300Hz), which contrasts to a slow response at higher frequencies (=400Hz). However, higher 

imposed frequencies lead to larger spreading diameters. This particular behaviour is related to the electrical 

forces actuating on the droplet, which do not always overcome the adhesion forces at the droplet-substrate 

interface. Increasing the number of electrodes that are covered by the droplet seems to promote a faster 

response of the droplet at low imposed frequencies, but does not turn the transport process more effective. On 

the other hand, minimizing the contact angle hysteresis alters dramatically the behaviour of the droplet, both 

regarding the spreading and the recoiling motion, being the key to enhance the efficacy of the electrowetting chip 

in transporting the droplet. 
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