
 

 

Abstract—Generating and manipulating pL to µL droplets 

reproducibly in droplet-based (digital) microfluidic chips 

requires advanced application of control systems. The most 

common approach of droplet dispensing controllers combines 

capacitance measurements with calculations of the optical 

footprint of the droplet on the chip. This technique does not 

provide the precision and accuracy required for many 

applications, and it is difficult to apply for wide range of 

conductive to nonconductive (insulating) liquids. This paper 

presents a novel technique for measuring the droplet volume 

using a model reference adaptive control technique. The 

controller can be used to dispense both conductive and 

nonconductive liquids. A model of the digital microfluidic 

system has been developed to control the droplet volume on the 

electrodes.  Simulations of droplet dispensing volume control 

for conductive and nonconductive liquids demonstrate the 

method provides an accurate control approach.  

I. INTRODUCTION 

IGITAL microfluidic systems provide unique 

capabilities for micro and nano-scale lab-on-a-chip 

devices [1]-[6],[8], speeding up processes in small-

scale chemical reactors and lowering the cost of 

experiments. Very precise volumes of chemical reagents in 

form of droplets are required to ensure that the reactions 

proceed as desired with minimal waste. Several techniques 

have been developed to control the volume of droplets 

generated from reservoirs on the chip [6], [9]-[12]. The 

repeatability and accuracy of the droplet generation 

sequence depends on the performance of the control 

technique. Measuring the capacitance of the droplet 

sandwiched between two plates is a common way to 

determine the droplet volume [6]. To measure the 

capacitance, phase lock logic (PLL) can be used to measure 

the frequency shift in the capacitance of the droplet. The 

capacitance measurement is highly sensitive to the type of 

liquid being dispensed from the reservoir. Frequency shifts 

may also result from changes in device characteristics 

associated with age or use. Capacitance measurement-based 

droplet dispensing has not yet been reported for 

nonconductive (insulating) liquids. Moreover, the size of the 

generated droplet is highly dependent on the volume of the 

liquid remaining in the reservoir. As the total amount of 

liquid in reservoir shrinks, the size of the droplets dispensed 
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in this technique may vary by more than 10% [6]. The PID 

controllers used in capacitance measurement-based 

techniques contain fixed gains and are tuned by trial and 

error each time any parameter in the system changes (e.g., 

the type of liquid, viscosity, applied frequency, air gap, size 

of the droplet). This may not be the best approach to control 

the droplet volume, as the desired size of the droplet and the 

liquid composition may vary with the experiment. 

Furthermore, tuning the controller gains to obtain the right 

size droplet might be a time-consuming process. Ideally, the 

controllers designed for droplet dispensing systems should 

provide a robust method that is independent of the reservoir 

volume and compensates for device parameter variations 

over the operation lifetime, and that is applicable to all types 

of liquids, ranging from conductive to nonconductive.  

In general, adaptive controllers provide robust techniques to 

compensate for the parameter variation in operation of the 

devices [7], [13]-[16]. Model-based adaptive controllers 

designed for microsystems have improved their functionality 

and operations, even under fault conditions [7].  

In this paper, a digital microfluidic system with two 

parallel plates for dispensing the desired volume of droplets 

is modeled. A displacement-based droplet dispensing system 

is modeled and used in a model reference adaptive controller 

to dispense a precise droplet volume of any type of liquid 

(conductive and nonconductive). Simulations of the droplet 

volume control system and the effects of droplet occupancy 

on the controller are also provided.  

II. DIGITAL MICROFLUIDIC SYSTEM MODELING 

A schematic model of two parallel plate digital microfluidic 

device is shown in Figure 1 [1].  

 
Figure 1. Schematic diagram of a digital microfluidic system and a point of 

voltage sensor [1]. 
 

The electrical circuit model includes two separate branches 

containing liquid and air in parallel. Below the dielectric 

layer (Parylene-C), electrodes are patterned. A voltage is 

applied across the top plate and successive electrodes in the 

bottom plate to generate the electromechanical actuation 

forces, electro-wetting-on-dielectric (EWOD) and/or the 

dielectrophoresis (DEP), that actuate droplets positioned 

between the Teflon-AF- coated parallel plates. [17]-[18]. 
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The liquid is modeled as a parallel branch consisting of a 

capacitance and a resistance. To measure the feedback 

voltage signal to the controller, a sensor is fabricated on the 

dielectric layer, providing a connection between the air and 

liquid branches as shown in Figure 2.   

 

 
Figure 2, Equivalent circuit of the system with the voltage sensor installed 

 

The high resistance and low capacitance of the air branch 

influence the dynamics of the model significantly. 

Therefore, the volume of liquid in the air gap on the 

electrode should be measured and adjustments made to the 

model to compensate for droplet displacement. Consider K, 

the occupancy factor, as the ratio of the total area covered by 

liquid, x, over the total area of the electrode, L, shown in 

Figure 3. This model dynamically adjusts the system 

parameters by the amount of liquid dispensed from the 

reservoir. In Figure 2, all the parameters depend on the K 

value.   

 
Figure 3. Instantaneous area covered by liquid in the parallel plate 

 

The air and liquid branches are connected through the 

voltage sensor fabricated on top of the Parylene-Teflon 

layer. The sensor should be covered with a thin layer of a 

hydrophobic material such as Teflon-AF to maintain the 

wetting characteristics of the surface. Note that the elements 

of the circuit are functions of K to reflect the volume of the 

droplet on the electrode area. The transfer function of the 

system can therefore be expressed as: 

 ,                      (1) 

where  is the transfer function of the model,  is the 

Laplace operator, and , ,

, and 

,  . This system can be 

demonstrated as  

                             (2) 

In terms of a closed-loop system, the transfer function 

contains one integrator and can be modeled as a feed-

forward and feedback system, as shown in Figure 4. The 

transfer function relates the voltage drop across the droplet 

 to the input voltage . The voltage drop is highly 

dependent on the amount of liquid in the air gap and the type 

of liquid being dispensed from the reservoir.  

 

 
Figure 4. Realization of the transfer function by one integrator, block 

diagrams, s is the Laplace operator. 

 

It should be noted that the sensor is made of a conductive 

martial to measure the voltage on top of the dielectric layer. 

This electrode is covered with hydrophobic material and 

does not interfere with EWOD.       

III. DROPLET VOLUME CONTROL 

To control the volume of the droplet generated from the 

reservoir, a model reference adaptive control (MRAC) was 

used. The basic idea of an MRAC, when the transfer 

function of the system is known, is to match the output of 

the model to that of the droplet and controller combined.  

A. Controller Design Procedure 

The structure of the MRAC is illustrated in simple steps 

as follows [7]: 

Step 1: Let us consider the control command )(tu which is 

the applied voltage at certain frequency to the droplet system   

as: 

 ,     (3) 

 

where r is the input reference signal, and  and  are 

filtered signals of the input and output of the droplet system 

respectively. The coefficients of and , are control 

parameters that are adjusted periodically. Although these are 

unknown parameters for the microfluidic system, an 

estimate of these values can be used to control the droplet 

volumes. As these parameters change (due to aging, 

operation, temperature, different type of liquid, etc…) the 

adaptation laws adjust the controller coefficients to 

compensate for these variations.  

 

Step 2: in a system of order n1, consider  as a   
vector that contains the controller parameters, and  a 

 vector that contains the corresponding filtered 

signals represented as  

 

,          (4) 

The control command can therefore be written as 

.                              (5) 

Step 3: The signals  and  are ( vectors, 

which should satisfy 

 

,                              (6) 

such that the system  is controllable.  are the input  

signals for filters respectively, and  is a

 matrix. 
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Step 4: The estimation error is defined as the difference 

between the actual value and the estimates of each control 

coefficient 

,                          (7) 

where  is the estimation error. As the control command 

is applied to the system, it tries to make the microdroplet 

system behave alike the model. However, for some time 

these systems do not behave identically. The difference 

between the actual system’s output and that of the model is 

known as tracking error which can be expressed as 

.                          (8) 

Step 5: an adaptation law can be developed to adjust the 

controller parameters as:  

,                   (9) 

where  is a positive number and is called the adaptation 

gain. It should be noted that the sign of   in (9) is the same 

as that of . 

B. Application for Conductive Liquid Dispensing 

Model Dynamics  

To study the behavior of the model provided for digital 

microfluidic system, a conductive liquid with the following 

characteristics was considered: 

 Liquid conductance= 1.04e-6  

 Parylene capacitance Cp=3.38e-10 F 

 Teflon-AF layer capacitance Ct=Cp  

 Capacitance of Teflon-AF and Parylene Cpt=2.54e-11 F 

 Capacitance of the liquid Cl=3.27e-12 F 

 Capacitance of air branch Cair=2.95e-14 F  

If the amount of liquid in the droplet is small, the equivalent 

impedance will be high since the air occupies most of the air 

gap. Therefore, the voltage drop would be very high, and the 

controller needs to put forth more effort to push more liquid 

into the air gap. If the model and droplet system have the 

same amount of liquid, their output voltage will match, 

given that their model and system parameters are similar.  

Control System Performance  

The control command, when applied, generates high 

voltages to start the liquid dispensing. As a result the outputs 

of the model and the droplet system match.  

  Figure 5 shows the control command generated at different 

K values in the air gap. . Higher K values correspond to 

larger droplets and less impedance. To initiate dispensing of 

the liquid, there should be a small amount of liquid from 

reservoir touching the target (destination) electrode. 

Therefore, a minimum K value should always exist in the 

system. For simulations, we consider that the initial 

occupancy is about K=0.2. In reality, when the controller 

was turned on to equalize the volumes in the model and the 

droplet, in the very beginning, the maximum voltage 

applicable through controller and amplifier was applied. As 

soon as the liquid streamed into the air gap, the sensed 

output voltage increased and reached the desired value. Then 

the controller reduced the amount of effort and lowered the 

voltage to precisely match the model and droplet systems.  

Figure 5, Control command for conductive liquids and different volumes 

 

The adaptation rate of the controller and the control effort 

are shown in Figure 6. 

 
Figure 6. Controller tracking performance for conductive liquid at K=0.2 

 

As Figure 6 shows, applying the control command to the 

system resulted in the output of the droplet system reaching 

that of the reference in a short time. The outputs were then 

synchronized until the pinch-off electrode was activated and 

the droplet connection to the reservoir was cut. The droplet 

stretched long on several electrodes from the reservoir, 

creating negative curvature that helped in cutting the droplet. 

At a lower K value, the controller might take longer to track 

the reference output. This time would depend on the liquid 

characteristics. The controller is capable of continuously 

monitoring the output voltage of the model and rapidly 

adjusting itself to match the two systems. As mentioned 

earlier, the control command was also a function of the 

amount of liquid in the air gap and the area covered by 

liquid. Larger volumes of liquid cover larger areas of the 

electrodes (in constant air gap) and, therefore, result in 

higher K values. As Figure 5 shows, the control effort 

decreased as the K value increased. A large air gap resulted 

in a lower output voltage; therefore, the controller applied 

more effort to generate more force.  This, in turn, attracted 

more liquid into the air gap and resulted in a rise in the 

voltage at the probe. The controller then lowered the 

excitation voltage to match the output of the droplet with 
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that of the model. It should be noted that the results depend

highly on the accuracy of the model. Considering more 

details and choosing more accurate values will result in a 

more accurate and precise control of the volumes that are 

dispensed.   

C. Nonconductive Liquid Dispensing 

Model Dynamics 

For a nonconductive liquid, the voltage measured at the 

probe location was small. As the liquid flowed into the air 

gap, the voltage increased slowly. The K value shows that 

when there is more liquid in the air gap, the voltage increase 

can be used as an indicator of the size.   

Control System Performance 

Figure 7 shows the control command for a nonconductive 

liquid at different liquid occupancy (K values). As the figure 

shows, the droplet volume control required higher voltages 

compared to the conductive liquids.  

 
Figure 7, Control command for nonconductive liquids and different 

volumes  

 
Figure 8. Tracking performance of an MRAC for a nonconductive liquid 
droplet. 

The tracking performance of the control system for 

nonconductive liquids is shown in Figure 8. The controller 

applied large amounts of force to start dispensing the liquid 

at K=0.2. The output of the model and the droplet system 

matched in a short adaptation time. Thus, higher adaptation 

gains can reduce the control time but increase the effort 

required. 

IV. CONCLUSION 

This paper presented a model-based adaptive control 

approach for a digital microfluidic droplet dispensing 

system. A model of the system that incorporated the 

displacement of the droplet and its occupancy level was 

developed. The controller could successfully dispense both 

conductive and nonconductive liquids. The dynamics of the 

control system were fast, suggesting that itcould yield a high 

droplet dispensing generation rate. 
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