Supplementary Information
Electrowetting based Local Sensing of Liquid Properties using Relaxation Dynamics of Stretched Liquid Interface 
Shubhi Bansal*1,2 and Prosenjit Sen1
1Centre for Nano Science and Engineering (CeNSE), Indian Institute of Science, Bangalore
2(current affiliation) University of Sussex, U.K.
A. Process Flow of Device Fabrication
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Figure S1: Schematic representation of process flow for the fabrication.
Actuation electrodes, interconnects and contact pads were formed using 150 nm indium tin oxide (ITO) coated glass wafers. Actuation electrode width was varied between 50 – 450 μm.  A 5 μm thick dielectric layer of SU-8 2005 was patterned on top of the actuation electrode. A hydrophobic layer of Teflon (250 nm) was spin coated to reduce contact angle hysteresis.
B. Experimental Setup
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Figure S2: Configuration of the experimental setup.
The actuation waveform was generated using a programmable NI-DAQ 6363 card and amplified using a Trek high voltage amplifier. Imaging was performed using a synchronized high-speed camera (Photron SA4 Fastcam) operating at a frame rate of 1,000-10,000 fps.
C. Interface Evolution and Measurements
The position of the interface during actuation (red) and during relaxation (green) has been tracked at an interval of 5 ms by image processing. It shows that the initial speed of interface movement is high during both the actuation and retraction cycle. 
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Figure S3: Spatial evolution of interface traced for every 50 frames (5 ms) actuated locally by 350 μm electrode using one 75 V DC Pulse cycle. The positional curves of stretched interfaces during actuation (red) and receding (green) phases show that the speed of interface movement decreases with time during both actuation and retraction.
The measured contact line dynamics during interface actuation using multiple 80 V DC pulse cycles are shown in Supplementary Figure S4. From the raw position (or amplitude) data in Figure S4(left), we marked the average maximum and minimum of the interface retraction curve. The obtained decay cycles of the interface positions are plotted in Figure S4(right). Here, we observe an interface displacement of around 39 μm ± 5 μm for 80 V actuation pulse on a 200 μm wide electrode.
The decay times are estimated by fitting [image: image6.png]Ae~t/7a + B



 to the raw position data (as shown in Supplementary Figure S4). The decay time ([image: image8.png]


) for the actuated water interface is found to be 3s ± 1s.

Figure S4: (left) Temporal evolution of a point on the water droplet interface actuated locally by 200 μm electrode using 80 V DC pulse at 1 Hz frequency. (right) Decay curves for different cycles taken from the temporal evolution of the actuated interface.
D. Dynamics of triple contact line
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Figure S5: Schematic 2D representation of the sandwich device design with (left) voltage OFF (VOFF), (middle) voltage ON (VON) cross-section view of the device, and (right) bottom view of the stretched interface showing different parameters (electrode width ([image: image12.png]


) and deformation ([image: image14.png]


)) for local actuation of a part of droplet contact line by localised electrowetting.
1. Surface tension force

For small angles [image: image16.png]


, the distortion of droplet contact line on the actuation electrode can be characterized with small sinusoidal amplitude ([image: image18.png]


) having wavenumber [image: image20.png]


. For the sake of simplicity, we assume the local contact angle to be [image: image22.png]


. Liquid contact line has an anomalous elasticity and at length scale much lower than the capillary length, and its deformation with wavenumber [image: image24.png]


, distort surface of liquid over distance q-inverse ([image: image26.png]


) as reported by Joanny and de Gennes [1]. For small line displacement [image: image28.png]


(y,z), the Laplace's law states a total curvature of zero for the interface as  [image: image30.png]


. The solution of this equation will be of the form - [image: image32.png]
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. The distortion energy per unit length along the y direction can be given as [image: image36.png]


. When the local contact angle is no longer 90°, the situation no longer complies with Young's equilibrium. The elastic energy stored in the deformed interface (in the approximation of a small  [image: image38.png]


, small contact angle ([image: image40.png]


), deformation of amplitude [image: image42.png]


 ) is given as:
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The force is given by 
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Thus, surface tension force per unit contact line length of a deformed interface scales as [image: image46.png]


 (where, [image: image48.png]


 is the amplitude of interface deformation and [image: image50.png]


 is the contact angle).

2. Viscous force

In the limit of small contact angle ([image: image52.png]


), the liquid displacement in z-direction ([image: image54.png]


) can be written as 
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For, the advancing velocity [image: image57.png]


 of the droplet contact line, the velocity gradient can be given as
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Viscous forces ([image: image60.png]


) at the liquid interface during motion with velocity ([image: image62.png]V)



 can be given by 
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By truncating the integral on the high side at x = L (the size of the drop) and on the low side at x = a (the molecular size), we get 

[image: image66.png]



Here [image: image68.png]


 is a dimensionless coefficient that depends on the length scales over which the viscous dissipation is calculated and generally ranges from 15 to 20. The published literature can be referred for a more extensive discussion of the coefficient [image: image70.png]


[2],[1].
Now, the force balance becomes-
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Thus, the viscous force scales as [image: image74.png]F,~3ulv/e



 (where [image: image76.png]


 is viscosity, [image: image78.png]V = du,/dt



 is the contact line velocity and [image: image80.png]


 is the local contact angle). 

3. Inertial force

The mass of the actuated liquid (extending up to [image: image82.png]


is given as [image: image84.png]


 [3]. Thus, the inertial force per unit contact line length scale as [image: image86.png]


 (where [image: image88.png]


 is the fluid density). 

4. Viscous dominated flow regime 

Here, the relaxation dynamics can be determined by the balance of viscous forces ([image: image90.png]


) and elastic forces ([image: image92.png]


) as-

[image: image93.png]
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This leads to an exponential decay ([image: image96.png]u, (t) o e/7



) of the contact line position with a characteristic frequency ([image: image98.png]


) [4]. The characteristic time scale ([image: image100.png]


) depends on liquid properties. 

5. Inertial regime 

Here, the relaxation dynamics is determined by the balance of surface tension forces and inertia. Equating inertial forces ([image: image102.png]


  to the surface tension forces ([image: image104.png]F.~y6’
F,~y 62
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 in the absence of any dissipation leads to an oscillatory behavior with a characteristic frequency of [image: image106.png](y8/p)q?



. In this regime also, the characteristic time scale ([image: image108.png]t o (p/y)°®



) depends on liquid properties. 

E.  List of parameters of Tween 20 solutions 
	Liquid
	tween 0.006%
	tween 0.01%
	tween 0.05%
	tween 2%
	tween 3%

	Surface tension (mN/m)
	54
	49
	40
	36
	34


F.  Surfactant-based interface dynamics and Dynamic surface tension 
Kinetics of surfactant molecules at a fluid interface are governed by the rate of diffusion, adsorption and desorption. These physiochemical processes control the concentration of the surfactant molecules on the interface and effects its dynamics. Hence, all techniques which use creation of new surface during the measurement are affected by non-uniform and time dependent surfactant concentration. Mainly, two types of Marangoni effects arise due to the interface dynamics. During the surface creation process, age of all the new surfaces are not the same. Hence, a spatial gradient of the surfactant concentration and surface tension arises. This leads to Marangoni flows. Even if surface convection is able to attain concentration uniformity, the surfactant concentration reduces till diffusion from bulk leads to equilibrium. This leads to a temporal increase in the surface tension. This is modelled as a surface elasticity term known as Gibbs-Marangoni elasticity. These effects have given rise to whole field of study on dynamic surface tension.

In literature, liquid drop oscillation has been widely employed to measure surface tension of surfactant solutions[5,6]. In conjunction with appropriate models, these whole droplet oscillation techniques have also been used to study the dynamic surface tension effects arising from mass transport phenomena of surfactants. Influence of surfactant on the electrowetting has also been studied[7]. During electrowetting induced interface spreading, we observe dynamic surface tension[8],[9] effects, which is different from the equilibrium (static) surface tension. After stretching the interface, we keep the voltage ON for around one second, after which the interface is allowed to relax freely towards the initial state. Even during the relaxation phase, dynamic surface tension determines the interface motion. Even though we do not consider dynamic surface tension effects, our method still provides a fair comparison between liquids as the actuation profile and the dwell times are fixed
G.  Effect of fluid motion on sugar dissolution
Interface deflection for a localised force (f) acting on the interface over a width (w) is given by 

[image: image109.png]



For electrostatic actuation, the force depends on the change of capacitance with amplitude i.e. [image: image111.png]f o«cdC/du



. The change in capacitance is directly proportional to the width of the electrode. This implies that maximum displacement scales as

[image: image112.png]



Hence, we observe that the interface displacement increases with the electrode width. Further, liquid contact line has an anomalous elasticity. For a contact line deformation with wavenumber [image: image114.png]


, the surface of the liquid interface distorts over distance ([image: image116.png]


) [1].  Thus, all the dimensions defining the actuated liquid volume scales with electrode width. For such flows driven by interface deformation, under simple potential flow considerations, the flow velocity exponentially decays (over a length scale defined by wavenumber) inside the bulk away from the interface[10]. This implies that the motion of fluid interface is local enough ([image: image118.png]


), to not affect the sugar dissolution process taking place at few mm scale over the droplet diameter. 
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