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ABSTRACT 

Programmable fluidic systems on curved and flexible substrates are of increasing interest. One approach 
to achieving programmability is the controlled sequential wetting and dewetting on a surface using 
voltage actuation. In particular, liquid dielectrophoresis techniques have recently been shown to provide 
the ability to form a spread liquid film on a normally liquid repellent, but rigid, substrate via applying 
a spatially periodic electrical potential underneath an initial sessile droplet. In this work, we demonstrate 
the creation of thin, rectangular shaped, films of electrically insulating liquid on the side of a curved 
and flexible, liquid repellant substrate using dielectrophoresis forces. We find that the experimental 
threshold voltage 𝑉𝑉T(𝜅𝜅s) for film formation has a monotonic dependence on the value of the substrate 
curvature 𝜅𝜅s in the range –0.4 mm-1 < 𝜅𝜅s < 0.26 mm-1. By considering the balance of stresses acting on 
the films, including the LaPlace pressure and the Maxwell stress, we develop an analytical theoretical 
expression that is in excellent quantitative agreement with our curvature dependent experimental 
threshold voltage measurements. The resulting physical insights and demonstration of programmable 
wettability on curved and flexible substrates with both positive and negative curvature provides the 
foundations for applications in imaging, displays, and biochemical analysis. 
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___________________________________________ 

The electrical manipulation and actuation of small quantities of liquids, using either electrowetting or 
dielectrophoresis, has been established as an important tool in applications such as optofluidics and 
biomicrofluidics. [1] [2] [3] [4] In flat rigid enclosed geometries that contain two immiscible liquids, voltage 
control over the shape of the interface between liquids with different refractive indices has been used 
to create focus-tunable liquid lenses, whilst for biochemical analysis applications, selective actuation 
of one of the liquids has been achieved using voltage addressable substrate electrodes to move the three-
phase contact line. [5] [6] In flat rigid open-to-air geometries, in situ voltage forced wetting of a single 
liquid droplet onto a liquid repellent surface, droplet dispensing, and droplet transport actuated by 
controlled wetting and dewetting on a surface via sequential voltage activation of adjacent electrodes, 
have been extensively explored. [7] [8] 

A few studies have investigated how electrically controlled fluidic systems can be created in non-flat 
architectures, with curved and/or flexible substrates. Examples of enclosed systems include both 
electrowetting and dielectrophoresis based liquid lenses encapsulated by flexible curved substrates that 
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provide expanded field of view and reconfigurability, [9] [10] [11] [12] and the demonstration of digital 
droplet microfluidics within a flexible curved wrist band. [13] Examples of open systems include the 
actuation of droplets in air on a flexible substrate for temperature sensing applications, [14] and the 
demonstration of electrowetting on dielectric with curved paper-based substrates for environmentally 
sustainable display applications [15] and on the surface of a sphere for studying wetting morphologies 
and droplet detachment. [16] [17] [18]  

Liquid dielectrophoresis has been recently shown to permit the voltage induced complete spreading of 
a liquid onto a normally liquid repellent open surface. This phenomenon permits the formation of a fine 
liquid filament when a voltage is applied between co-planar electrodes on the solid surface, and the 
filament can be programmed to break up into a pre-defined array of dispensed droplets. [19] [20] [21] Whilst 
in dielectrowetting, a voltage applied between interdigitated fingers of a 2-dimensional array of co-
planar electrodes creates a spread liquid film that can be dewetted back into the original sessile droplet 
state on demand. [22] [23] Spreading across adjacent inter-locking electrode regions with sequentially 
applied and removed voltages enables transport of discrete droplets, known as digital droplet 
microfluidics. [24] The production of liquid filaments or spread liquid films are not possible using 
electrowetting, for which contact angle saturation limits the extent of voltage forced wetting of a droplet. 
[25] The interface localized liquid dielectrophoresis effect originates when dielectrophoresis forces act 
on the dipoles in a liquid that are polarized by the non-uniform electric fields created between the 
patterned electrodes on the surface underneath the liquid. [26] [27] In this work we demonstrate and 
analyze dielectrowetting on a non-flat curved surface formed by having a non-rigid, i.e. flexible, 
substrate. We firstly describe how we have produced full voltage induced spreading of an electrically 
insulating liquid to form a thin liquid film on the side of a curved, liquid repellent, flexible plastic 
substrate that has a bendable interdigital transparent electrode pattern on its surface. 

  

 

FIG. 1. Schematic diagrams of the device and the experimental geometry, (a) top view and (b) side on view. (a) 
The clamped rectangular flexible PET substrate, which was coated with transparent conducting indium tin oxide. 
(b) The interdigitated electrode array pattern etched into the ITO layer. (c) Moving the gripping clamps closer 
together caused the substrate to form a curve with central radius of curvature 𝑅𝑅. (d) Photograph of the curved 
substrate with a droplet of the liquid TMP-TG-E spread on the electrodes when 𝑉𝑉b = 369 V.  
 
Figure 1 shows the device architecture and the experimental geometry. The flexible device substrate 
was a 0.2 mm thick polyethylene terephthalate (PET) foil covered by a transparent conducting indium 
tin oxide layer (ITO) of resistivity 100 Ω/sq (Product 749737, Sigma Aldrich, Darmstadt, Germany). 
The indium tin oxide was etched using photolithography into an interdigitated co-planar electrode 
pattern covering an area of length 𝑙𝑙 = 10 mm and width 𝑤𝑤 = 2 mm, as shown in Fig. 1(b). Both the 
electrode linewidths and the size of the gap between adjacent electrodes equaled 𝑑𝑑 = 60 µm. The surface 
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of the device was capped with a protective 1 µm insulating layer of SU8-2 photoresist (micro resist 
technology GmbH, Berlin, Germany) and over-coated with a thin, <100 nm, liquid repellent surface 
layer of Teflon AF (CAS 37626-13-4, Sigma-Aldrich/Merck KGaA, Darmstadt, Germany). All 
experiments were performed in a temperature-controlled laboratory (21 ± 1 ˚C). 

Our flexible device substrate was clamped by its edges and initially held as a flat rectangular surface, 
vertically oriented in the x-z plane with its short edge aligned in the vertical z-direction, as shown in 
Figures 1(a) and 1(b). A droplet of the electrically insulating liquid TMP-TG-E (trimethylolpropane 
triglycidyl ether, CAS Number 3454-29-3, Sigma Aldrich, Darmstadt, Germany) was dispensed onto 
the center of the electrode area using a Gilsen pipette. TMP-TG-E has a high dielectric constant of 𝜀𝜀𝐿𝐿 
= 13.8, a surface tension of 𝛾𝛾 = 0.043 ± 0.001 N m-1 and a mass density of ρL = 1157 ± 10 kg m-3. The 
TMP-TG-E formed a sessile droplet on the liquid repellent substrate with a base diameter of 3.00 ± 0.05 
mm, static contact angle of 𝜃𝜃𝑆𝑆 = 72 ± 2°, and volume of Ω = (7.5 ± 0.8) × 10-9 m-3. The droplet remained 
attached in place on the side of vertical substrate surface since its contact angle was less than 90°, 
although its diameter was above the capillary length for the liquid, Lc = [γ/{(ρL – ρair)g}]1/2 ≈ 1.9 mm.  

Applying an A.C. sinewave voltage with R.M.S. amplitude 𝑉𝑉b and frequency 500 Hz to each alternate 
electrode, figure 1(b), produced highly non-uniform electric fields that decayed into the liquid 
immediately above the electrodes. For voltages where 𝑉𝑉b  > 100 V (R.M.S.) the resultant surface 
localized dielectrophoresis forces flattened and elongated the droplet, increasing its base width in the 
x-direction parallel to the electrode stripes. [4] [23] [26] [27] There was a commensurate decrease in the 
droplet thickness ℎ and the droplet contact angle, 𝜃𝜃(𝑉𝑉b) < 𝜃𝜃𝑆𝑆. Applying a voltage in the range 358 V < 
𝑉𝑉b < 370 V resulted in full spreading to form a liquid film state that covered the 10 mm × 2 mm electrode 
area on the side of the vertically oriented surface, shown from the side and from the top in Figures 2(c) 
and 2(d), respectively. On a flat surface, the liquid droplet spreads to form a film when the applied 
voltage exceeds a threshold value 𝑉𝑉T that would cause the voltage dependent 𝜃𝜃(𝑉𝑉b) contact angle to go 
to zero. According to the dielectrowetting extrapolation formula for a flat non-curved surface, this full 
spreading occurs when cos[𝜃𝜃(𝑉𝑉b = 𝑉𝑉T)] = cos[𝜃𝜃𝑆𝑆] + 𝛽𝛽𝑉𝑉𝑏𝑏2 = 1 , where 𝛽𝛽  is the dielectrowetting 
coefficient [23].  

 

 

FIG. 2. Photographs of a spread film of the liquid TMP-TG-E on the flexible PET substrate as it was being held 
at three different curvature values 𝜅𝜅s, where 𝜅𝜅s = −1/𝑅𝑅. Images (a) and (b) show a top view and a side-on view, 
respectively, of the liquid film on a substrate with curvature 𝜅𝜅s = –0.40 mm-1 and film formation voltage 𝑉𝑉T = 380 
V. In images (c) and (d) 𝜅𝜅 = 0 mm-1 and 𝑉𝑉T = 369 V, and in images (e) and (f) 𝜅𝜅s = 0.26 mm-1 and 𝑉𝑉T = 362 V.  
 
We then demonstrated the formation of spread liquid films on concave and convex curved substrates. 
We produced a curvature of radius 𝑅𝑅 of the center of the curved flexible substrate by adjusting the 
distance between the gripping clamps, where we define the curvature as 𝜅𝜅s = −1/𝑅𝑅. Figure 2 shows 
photographs of spread liquid films for three curvatures, for the liquid on the inside of a concave surface 
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with 𝜅𝜅s = –0.40 mm-1 and 𝑉𝑉b = 𝑉𝑉T = 380 V in (a) and (b), for the liquid on the side of a flat surface with 
𝜅𝜅s = 0 mm-1 and  𝑉𝑉T = 369 V in (c) and (d), and for the liquid on the outside of a convex surface with 
𝜅𝜅s = 0.26 mm-1 and 𝑉𝑉T = 362 V in (d) and (e). In Fig. 2, side on views from along the y-direction are 
shown in the left-hand column and top views from along the z-direction are shown in the right-hand 
column. An ink dot visible on the substrate aided initial placement of the liquid drop onto the transparent 
electrode area (removed from Fig. 2(c) for clarity).  

For each different curvature value we initially abruptly applied a voltage of  𝑉𝑉b = 350 V, and then we 
gradually increased the voltage amplitude quasi-statically in 1 V steps until the point at which the 
advancing edges of the film reached both the right and left edges of the electrode area. We defined the 
liquid film formation voltage 𝑉𝑉T as the value of the applied voltage 𝑉𝑉b for which the length of arc of the 
base of liquid film just became exactly equal to the electrode length, l = 10 mm, at the film’s center and 
widest point in the vertical direction. By performing our study with the liquid on the side of the vertically 
oriented substrate we demonstrate that voltage forced film formation can be achieved for any substrate 
orientation, whilst avoiding gravitational pooling of the liquid in the center of the spread film when 
𝜅𝜅s < 0, or pooling at the edges of the spread film when 𝜅𝜅s > 0.         

We have hence measured the quantitative effect that the curvature of the substrate has on the magnitude 
of the voltage  𝑉𝑉T(𝜅𝜅s) at which the liquid film state is formed, for a range of curvature values 𝜅𝜅s. We 
find a systematic dependence of the liquid film state formation voltage on the curvature, with 𝑉𝑉T(𝜅𝜅s), 
on average, reducing by 0.7% (2.5 V) per 0.1 mm-1 increase in the curvature 𝜅𝜅s. It would be very 
challenging to accurately quantify changes of this magnitude using other measurements, such as the 
curvature and voltage dependent contact angle  𝜃𝜃(𝑉𝑉b) or length of arc of the base of the film. These 
latter quantities have inherent experimental uncertainties and are insufficiently reproducible due to 
changes in droplet position and pinning forces. Our meticulous whilst facile procedure of gradually 
increasing the voltage until the spread film base length equals the electrode width 𝑙𝑙 overcomes these 
challenges because the edge of the fixed electrode pattern precisely defines an equal film base length 
for each measurement performed at different curvature values.  

  

 

FIG. 3. The difference, Δ𝑉𝑉T(𝜅𝜅s), between the liquid film formation voltage on a curved substrate surface 𝑉𝑉T(𝜅𝜅s) 
and liquid film formation voltage on a flat surface 𝑉𝑉T(𝜅𝜅s = 0), plotted against the value of the substrate curvature, 
𝜅𝜅s. Data from two separate sets of measurements are shown by the open diamonds (experiment 1) and the open 
circles (experiment 2). The solid line is a plot of Eq. (5), without using fitting parameters.  
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Figure 3 shows our experimental results of the voltage difference Δ𝑉𝑉T(𝜅𝜅s) between the liquid film 
formation voltage on a curved substrate surface 𝑉𝑉T(𝜅𝜅s) and liquid film formation voltage on a flat 
surface 𝑉𝑉T(𝜅𝜅s = 0) as a function of 𝜅𝜅s. Experimental measurements were performed starting from the 
negative curvatures and progressing to the positive curvatures. Two experimental data sets shown in 
Fig. 3 by the open diamonds and the open circles symbols were taken using the same droplet and 
substrate. The liquid film formation voltage was measured for a flat substrate between each of the 
measurements of 𝑉𝑉b(𝜅𝜅s) on a curved substrate, where the 𝑉𝑉b(𝜅𝜅s = 0) value was an average of the 
values immediately before and after each measurement of 𝑉𝑉b(𝜅𝜅s). This procedure compensated for the 
changes in the ITO resistivity due to bending, which were pronounced at large, particularly positive, 
curvatures. From an auxiliary measurement of the resistance of an unetched ITO coated PET strip of 
dimension 25 mm by 7 mm, the flat substrate resistance of 0.5 kΩ when 𝜅𝜅s = 0 mm-1 increased under 
curvature to 1.7 kΩ when 𝜅𝜅s  = –0.4 mm-1, and to 100 kΩ when 𝜅𝜅s  = 0.4 mm-1. We found that 
𝑉𝑉T(𝜅𝜅s = 0) varied in the range 358 ± 1 V to 368 ± 1 V for experiment 1, and in the range 362 ± 1 V to 
370 ± 1 V for experiment 2. Measurements were repeated three times, for both 𝑉𝑉T(𝜅𝜅s) and for 𝑉𝑉T(𝜅𝜅s =
0), and the resulting average was used in each case. The vertical error bars on Δ𝑉𝑉T(𝜅𝜅s) in Fig. 3 reflect 
the statistical variations in both of these quantities.   

We now develop a two-dimensional theory to describe the spreading of the droplet into a film that has 
been formed by the action of the voltage 𝑉𝑉b. We solve the balance of stresses in the direction normal to 
the liquid-gas interface to find the shape of the film, these are: the capillary force, the Maxwell stresses, 
⟨𝑓𝑓el⟩,[28] and the pressure jump, Δ𝑝𝑝, across the liquid-air free surface, respectively, 

−𝛾𝛾𝛾𝛾 − ⟨𝑓𝑓el⟩+ 𝛥𝛥𝑝𝑝 = 0, (1) 

where 𝛾𝛾 is the local curvature of the interface [29]. 

For the second term in Eq. (1), it can be shown that, 

⟨𝑓𝑓el⟩ = −
𝜋𝜋𝛾𝛾
𝑑𝑑
𝐸𝐸𝑙𝑙𝑒𝑒−𝜋𝜋𝜋𝜋/𝑑𝑑 �1−

𝑑𝑑𝜅𝜅s
𝜋𝜋
� ,    (2) 

(see Supplementary Material for the full derivation), where 𝜁𝜁 is the distance from the substrate, 𝐸𝐸𝑙𝑙 =
Φ 𝜀𝜀𝑜𝑜(𝜀𝜀𝐿𝐿 − 𝜀𝜀air)𝑉𝑉b2/2𝛾𝛾𝑑𝑑 is a dimensionless number that measures the intensity of the electric forces in 
relation to surface tension, [30] Φ is a constant found to be Φ ≈ 0.23 according to our mathematical 
model, and the other symbols were defined earlier. 

We express the curvature of the liquid-gas interface as, 𝛾𝛾 = −sin𝜙𝜙 d𝜙𝜙/d𝜁𝜁, where 𝜙𝜙 is the local angle 
of the interface with respect to the solid substrate. Therefore, we can express Eq. (1) as an ordinary 
differential equation for 𝜙𝜙. To integrate this differential equation, we set the boundary conditions, 
namely the contact angle, 𝜙𝜙 = 𝜃𝜃𝑌𝑌 at ζ = 0 and 𝜙𝜙 = 0 at ζ = ℎ, implying that the interface becomes 
parallel to the substrate at its nominal thickness ℎ. This results in, 

1 − cos𝜃𝜃𝑌𝑌 = 𝐸𝐸𝑙𝑙�1 − 𝑒𝑒−𝜋𝜋ℎ/𝑑𝑑� �1−
𝑑𝑑𝜅𝜅s
𝜋𝜋
� +

ℎ Δ𝑝𝑝
𝛾𝛾

= 0.  (3) 

Eq. (3) has two unknowns, namely 𝐸𝐸𝑙𝑙  and Δ𝑝𝑝, therefore, to solve the system we require one more 
equation. We invoke Eq. (1) once again, and assume that, for the liquid film to cover conformally the 
substrate, the interface assumes the curvature of the substrate, 𝛾𝛾 ≈ 𝜅𝜅𝑠𝑠. The balance of forces imply, 

−𝜅𝜅𝑠𝑠 +
𝜋𝜋
𝑑𝑑
𝐸𝐸𝑙𝑙𝑒𝑒−𝜋𝜋ℎ/𝑑𝑑 �1−

𝑑𝑑𝜅𝜅s
𝜋𝜋
� +

Δ𝑝𝑝
𝛾𝛾

= 0, (4) 

and, together with Eq. (3), we can express the electric potential as a function of the film thickness.  

We now express the film thickness in terms of the spreading length of the film. We assume that, at 𝑉𝑉b =
𝑉𝑉T, the cross-sectional area of the film 𝐴𝐴 = Ω/𝑤𝑤 is a constant for the whole arc-length 𝑙𝑙 of the film and 
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make the approximation of a cylindrical film of constant thickness ℎ, i.e., ℎ = Ω/𝐿𝐿𝑤𝑤 − 𝜅𝜅(Ω/𝐿𝐿𝑤𝑤)2/2. 
After substitution and some algebraic manipulation, we arrive at  

Φ
Δ𝜀𝜀𝑉𝑉T

2

2𝛾𝛾𝑑𝑑
=

1 − cos𝜃𝜃𝑆𝑆
1 − (1 + 𝑞𝑞)𝑒𝑒−𝑞𝑞

+
1 − 𝑞𝑞 − cos𝜃𝜃𝑌𝑌 + 𝑒𝑒−𝑞𝑞(𝑞𝑞2 + 𝑞𝑞3/2 + (1 + 𝑞𝑞 − 𝑞𝑞3/2)cos𝜃𝜃𝑆𝑆)

4𝜋𝜋(1 − (1 + 𝑞𝑞)𝑒𝑒−𝑞𝑞)2 𝑑𝑑𝜅𝜅s, (5) 

where 𝑞𝑞 = 𝜋𝜋Ω/𝑙𝑙𝑤𝑤𝑑𝑑. 

We note that a first order expansion of Eq. (5) could be produced, using the approximation that  
𝑉𝑉T
2(𝜅𝜅s)− 𝑉𝑉T

2(𝜅𝜅s = 0) ≈ 2Δ𝑉𝑉T𝑉𝑉T
ave, that is linear in the curvature, 𝜅𝜅s. We evaluate the full Eq. (5) by 

substituting in the values for the parameters Ω, 𝑑𝑑, 𝑤𝑤, 𝑙𝑙, 𝜃𝜃𝑌𝑌, 𝛾𝛾, and 𝜀𝜀𝐿𝐿, given above and plotted as the 
solid line on the graph of Δ𝑉𝑉T(𝜅𝜅s) versus 𝜅𝜅s in Fig. 3. The prediction of Eq. (5) is in excellent agreement 
with the experimental results, especially given that there are no free fitting parameters in our theory. 
The liquid film formation voltage at zero curvature predicted by Eq. (5), 𝑉𝑉T(𝜅𝜅s = 0) = 372.9 V, is 
slightly higher than the experimental values, in part due to the analytical value for Φ obtained by 
discarding higher order terms. 

Both our experiments and the theoretical model, Fig. 3, show an increase in the liquid film formation 
voltage, 𝑉𝑉T , for negative curvature, Δ𝑉𝑉T(𝜅𝜅s < 0) > 0, and a decrease in the liquid film formation 
voltage for a positive curvature, Δ𝑉𝑉T(𝜅𝜅s > 0) < 0, when compared to the flat surface case. This can be 
explained as the combined effect of the change in the electric field due to the curvature of the electrodes 
and changes in the pressure. As it has been shown in Eq. (2), the electric forces decrease with the 
curvature of a concave surface. This is expected as electrodes in a closed loop cancel the electric field 
as the center of the loop is approached. On the other hand, for a droplet in static equilibrium and finite 
contact angle, 0 < 𝜃𝜃(𝑉𝑉b) < 𝜃𝜃𝑆𝑆 ,  the Laplace pressure is proportional to the curvature of the liquid 
surface. This is because the electric stresses remain close to the contact line, and we are neglecting 
gravitational effects. However, as the droplet is flattened, 𝜃𝜃(𝑉𝑉b) → 0, the electric field interacts with 
the interface throughout, this includes the region far from the contact lines. The electric field has the 
effect of pushing away the interface, thus decreasing the pressure of the droplet below the surrounding 
phase (Δ𝑝𝑝 < 0). When the droplet turns into a film conformally adhering to the concave substrate, there 
is an additional contribution to the pressure which pulls the interface back and opposes the electric 
stresses. Therefore, the decrease in electric field and the decrease in the pressure of the film thwarts the 
spreading and thus a higher voltage 𝑉𝑉T is required to achieve the same amount of spreading for a more 
concave surface. 

We have therefore demonstrated how to produce thin, rectangular shaped, liquid films on the side of 
curved, flexible, liquid repellant substrates using dielectrophoresis forces. Furthermore, we have shown 
how the magnitude and sign of the curvature dependence of the film formation threshold voltage 𝑉𝑉T(𝜅𝜅s) 
can be quantitatively reproduced from theoretical consideration of the balance of stresses acting on the 
films, including the LaPlace pressure and the Maxwell stress. The physical insights from this work and 
the demonstration of programmable wettability on curved substrates provides the foundations for 
applications in, for example, imaging, electronic paper displays, and digital droplet microfluidic-based 
biochemical analysis devices with a range of variable curvatures, both positive and negative. Our work 
provides important insight into the curvature-dependent voltage driving conditions for dielectrophoresis 
driven liquid droplet actuation and transport by elucidating and quantifying the changes in switching 
behavior under substrate curvature. The versatility permitted by having flexible plastic substrates also 
offers the possibility of low-cost, and robust, disposable analytical flow devices. Furthermore, our work 
provides a basis for future exploration of thin liquid film creation on non-flat and flexible 3-dimensional 
substrates with more complicated curvatures, including for the study of dynamic film de-wetting 
mechanisms from complex morphologies. 
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SUPPLEMENTARY MATERIAL 

A supplementary material document provides details of our theoretical approach to modelling the 
electric potential of interdigitated electrodes in a cylindrical arrangement and hence to our derivation 
of the electric stresses on the liquid film, Eq. (2), calculated using the Maxwell stress tensor. 
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