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We introduce DropBot: an open-source instrument for digital microfluidics (http://microfluidics.

utoronto.ca/dropbot). DropBot features two key functionalities for digital microfluidics: (1) real-time

monitoring of instantaneous drop velocity (which we propose is a proxy for resistive forces), and

(2) application of constant electrostatic driving forces through compensation for amplifier-loading

and device capacitance. We anticipate that this system will enhance insight into failure modes and

lead to new strategies for improved device reliability, and will be useful for the growing number

of users who are adopting digital microfluidics for automated, miniaturized laboratory operation.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807118]

Digital Microfluidics (DMF) is an emerging fluid-

handling technology that allows for precise control of indi-

vidually addressable drops on an array of electrodes using

electrostatic forces.1–3 Primary benefits of DMF over macro-

scale techniques include reduced sample and reagent vol-

umes and amenability to automation. In the past decade,

DMF has been applied to a range of problems in biology,

chemistry, and medicine,4,5 but widespread adoption of this

technology requires improvements in device robustness and

experimental reproducibility. In response to this challenge,

we present DropBot: an open-source instrument for control-

ling drop actuation in digital microfluidics. DropBot features

two unique functionalities, both useful improving device

robustness and reproducibility: (1) real-time monitoring of

instantaneous drop velocity, and (2) application of a precise

electrostatic driving force regardless of device-specific

properties.

The first functionality, measurement of instantaneous

velocity, is intrinsically linked to the sensitivity of drop

movement to device surface variability. Small imperfections

(e.g., scratches or dust) or the adsorption of proteins or other

biomolecules can make it difficult to move liquids over

extended periods; this is especially true for devices operated

in air (as opposed to oil). While there has been significant

progress in extending operation lifetimes (e.g., using

Pluoronic additives6,7 and closed-loop control8,9), the pros-

pect for subsequent improvements would be greatly

enhanced by a tool for quantitatively measuring the impact

of various strategies. Under a given applied force, we assume

that an increase in resistive forces will result in a correspond-

ing reduction in drop velocity; therefore, we propose that in-

stantaneous drop velocity should provide a useful proxy for

the resistive forces experienced by a drop on a DMF device.

We contrast the instantaneous velocity, which can be

measured for an individual drop as it translates onto each

individual electrode, from the average velocity which can be

measured for a drop after moving over many electrodes;

both concepts are useful, but only the former is useful for

probing local surface heterogeneities, which is critical for

reliable DMF operation. Image-based methods2,10,11 are ca-

pable of measuring instantaneous drop velocity, but obtain-

ing sufficient time-resolution requires expensive high-speed

cameras and significant computational resources, making

real-time measurements impractical. Furthermore, optical

systems impose strict constraints on visual contrast and light-

ing. Thus, we propose that a more general solution is to use

electrical impedance-based sensing,8,9,12–20 which has been

used previously to evaluate drop location8,9,19,20 and average

drop velocity.8 Unfortunately, measuring impedance during
drop translation (necessary for estimating instantaneous ve-

locity) is more technically challenging because of the

required dynamic range and considerations for parasitic ca-

pacitance. DropBot is unique in that it allows for instantane-

ous velocity measurements during drop movement, which

leads us to interesting observations on voltage-driven surface

modification.

The second functionality is the application of precise

and reproducible actuation forces. This has not been achieva-

ble in systems reported previously because of complications

arising from amplifier-loading and variability in device ca-

pacitance. Amplifier-loading refers to the sensitivity of out-

put voltage to the impedance of the load attached to an

amplifier. This problem is exacerbated by automated systems

relying on solid-state switches because the switches them-

selves contribute a significant capacitive load to the system.

The second factor limiting the reliable application of DMF

driving forces is variability in device capacitance as a func-

tion of differences in the thickness and dielectric constant of

the insulating layer. Dielectric thickness may vary batch-to-

batch in fabrication or even across a given device if the layera)Electronic mail: aaron.wheeler@utoronto.ca
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is applied unevenly. The force responsible for translating

drops is related to capacitance by21–23

Factuation ¼
1

2
LcV2; (1)

where L is electrode width, c is capacitance per unit area,

and V is actuation voltage; therefore, variability in device ca-

pacitance requires adjustment of the actuation voltage to

maintain a consistent force. In all systems reported previ-

ously, operators have had to adjust the voltage for each con-

dition; however, this requires manual intervention and limits

the ability to make meaningful comparisons across devices

and experiments. DropBot allows for automated, real-time

tuning of applied potentials to maintain constant driving

forces for devices that are radically different in composition.

An overview of the DropBot system and a screenshot of

the graphical user interface are shown in Fig. 1. Users can acti-

vate/deactivate electrodes on the DMF device by mouse-

clicking on the webcam video overlay, providing an intuitive

interface with real-time visual feedback. In addition, sequences

of actuation steps can be pre-programmed, enabling fully auto-

mated operation. The system is based on an Arduino Mega

2560 (SmartProjects, Italy) microcontroller board and houses a

custom circuit for measuring device impedance and amplifier

output (a simplified version of this circuit is shown in Fig.

2(a)). Source code and circuit schematics are available at http://

microfluidics.utoronto.ca/dropbot, and detailed experimental

methods are included in the online supplementary material.26

The DropBot system continuously monitors the ampli-

fier output and device impedance to maintain a stable actua-

tion voltage and to track the position and velocity of drops.

Accurate measurements of these parameters are critical to

automated DMF operation, but in each case, we have

observed that parasitic capacitance introduces a significant

bias. The problem of parasitic capacitance in automated

DMF systems has never before been addressed, and we

believe that this has limited the precision and reproducibility

obtainable with previously reported systems.

In the absence of parasitic capacitance, a voltage divider

comprising a 10 MX resistor in series with a reference resis-

tor (either Rhv0¼ 100 kX or Rhv1¼ 1 MX) should provide

frequency-independent attenuation of 11- or 101-fold. The

ability to switch between these two attenuation levels facili-

tates an increased signal-to-noise ratio over a wide dynamic

range. The amplifier output is estimated from Vhv using the

following equation:

FIG. 1. The DropBot DMF automation

system. (a) Block diagram. (b) Photograph

of the DropBot system (which contains

an Arduino-based control board and up

to eight 40-channel high-voltage driver

boards) connected to a high-voltage

amplifier and a pogo-pin DMF device

interface. (c) Screenshot from the custom

PYTHON software demonstrating live video

overlay.
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Vtotal ¼ Vhv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 106

Rhvi

� �2

þ ð2p106Chvif Þ2
s

; (2)

where Rhvi is the reference resistance and Chvi is the parasitic

capacitance when resistor i is selected, and f is the frequency

in Hz. The results using this approach are shown in the “no

compensation” data (square boxes) in Fig. 2(b), where Chvi is

assumed to be equal to zero. At high frequencies, the 10 V

(measured with Rhv0) and 100 V (measured with Rhv1) signals

deviate from their expected values, consistent with a first-

order low-pass filter (the capacitive element arises from the

parasitic capacitance of the resistor, copper traces, etc.). By

experimentally measuring and including this capacitive term

in Eq. (2), the expected signals are recovered.

Parasitic capacitance also impacts the estimation of de-

vice capacitance, as demonstrated in Fig. 2(c). Initially, there

is little liquid on the active electrode; therefore, the current

passing through the device is low and the largest feedback

resistor, Rfb3, is required to obtain sufficient sensitivity. Vfb

increases as the drop moves onto the electrode, and before it

surpasses 5 V, Rfb3 is swapped for the smaller Rfb1. This

change in resistors at t� 100 ms produces a discontinuity in

the “no compensation” data (blue markers); the same data

are plotted with compensation for parasitic capacitance

(green squares). To explain the origin of this discontinuity,

Fig. 2(d) shows a simulation of the feedback-to-actuation

voltage ratio (Vfb/Vtotal). In the absence of parasitic capaci-

tance, this ratio should be proportional to frequency (dashed

lines). In contrast, the solid lines include capacitive effects

(resembling first-order high-pass filters). It can be seen from

Fig. 2(d) that measurements made with Rfb3 at 10 kHz will

underestimate Vfb, leading to the discontinuity in Fig. 2(c).

We propose that instantaneous drop velocity is a useful fea-

ture to track because it provides a unique proxy that is inversely

related to the resistive forces opposing drop motion. Any local

modifications to the device surface or insulator (e.g., through

biofouling or dielectric damage) should manifest as changes in

drop velocity. Fig. 3 demonstrates the capability of the DropBot

system to extract instantaneous velocity from the derivative of

the device capacitance with respect to time (described in the

online supplementary material26). Fig. 3(b) shows representa-

tive velocity profiles for a drop of deionized (DI) water being

actuated at 100, 130, and 150 Vrms. Actuation force is propor-

tional to voltage squared (Eq. (1)), so we expect higher voltages

to produce increased velocities. Fig. 3(c) demonstrates this trend

over a range of voltages, showing an increasing peak velocity at

driving voltages up to �250 Vrms, after which the velocity

appears to saturate at 70–80 mm/s. While it is possible that the

peak velocity continued to increase beyond 80 mm/s for vol-

tages greater than 250 Vrms, this could not be confirmed because

of limitations of the current system. In any case, we observed

successful drop movements for the full 50 repetitions for vol-

tages up to and including 330 Vrms. Note that each data point

represents the velocities of a fresh drop of DI water translated

across an unused set of electrodes, minimizing evaporation and

other potential cumulative effects between experiments.

At 350 Vrms, we observed an abrupt change in the volt-

age/velocity trend; Fig. 3(d) shows a gradual reduction in

peak velocity on a single electrode over the course of 50 repe-

titions. We observed a similar effect on the other three electro-

des and on multiple devices operated at this voltage (data not

shown). This suggests that for moving DI water on a device of

this composition, 350 Vrms represents an upper limit beyond

which there is a rapid and irreversible degradation of device

performance. Interestingly, the drop was successfully trans-

lated across all electrodes for the full 50 repetitions; however,

by the end of the experiment, the velocity was greatly reduced

(<10 mm/s). There was no measurable change in the capaci-

tance of the dielectric, nor was there any evidence of

FIG. 2. Impedance and amplifier output mea-

surement. (a) Circuit schematic including para-

sitic capacitance (red). The gray dashed box

contains the circuit model for a drop on a single

actuation electrode. (b) Measurements of the

amplifier output for 100 Vrms (blue) and 10 Vrms

(red) signals, both with compensation for para-

sitic capacitance (dots) and without (squares).

Solid lines represent the models used to apply

the correction. (c) Device capacitance as a func-

tion of time as a drop is moving onto an actu-

ated electrode with compensation (green

squares) and without (blue markers). A solid

blue line is used to guide the eye. (d) Simulation

of the theoretical attenuation of the total voltage

by each of the four feedback resistors (Rfb0-dark

blue, Rfb1-green, Rfb2-red, Rfb3-light blue).

Dashed lines represent attenuation in the ab-

sence of parasitic capacitance, while solid lines

include capacitive effects. The vertical gray

dashed line corresponds to the frequency

applied in c, showing the effect of parasitic ca-

pacitance on measurements made with Rfb3.
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electrolysis, which suggests that this phenomenon was not

driven by dielectric breakdown. The affected electrodes were

qualitatively observed to be hydrophilic by running a stream

of DI water over the device, consistent with suggestions in the

electrowetting literature that excessive voltage causes surface

modifications through air ionization.24 Thus, we hypothesize

that the voltage-induced surface modifications increased the

resistive force on the drops. We suspect that this represents an

additional mechanism beyond those commonly attributed to

device failure (i.e., biofouling6,7 and dielectric breakdown25),

and we plan to investigate this effect in future work.

High-voltage amplifiers are often used for DMF with the

assumption that they have constant gain—i.e., that they pro-

duce an output voltage that is a linear scaling of the input

signal. But we report here that this assumption is often in-

valid, and in fact, DMF automation systems are frequently

operated under conditions in which amplifier gain is unsta-

ble, causing unwanted and unpredictable changes in output

voltage. Fig. 4(a) demonstrates that the Trek PZ700 amplifier

used in our system has constant gain at frequencies below

�1 kHz; however, at higher frequencies (up to �20 kHz is

common for DMF) and as additional switching modules are

added to the system, the behaviour changes dramatically,

with output variations of up to 660%. This behaviour is

expected for driving large capacitive loads and is not unique

to this particular amplifier. In general, it is difficult to design

amplifiers that can operate at (1) high frequency, (2) high

voltage, and (3) drive large capacitive loads, making it likely

that any amplifier used for DMF will be operated at or

beyond its limits under certain experimental conditions. Fig.

4(b) shows that even the simple act of turning an electrode

on/off can significantly change the output voltage.

FIG. 4. Amplifier-gain compensation. (a) Amplifier output as a function of frequency for a target voltage of 100 Vrms with different numbers of solid-state

switches (0-dark blue, 40-green, 80-red, 120-light blue) attached to the amplifier (all switches are in their off state). The magenta curve demonstrates the ability

of the gain compensation feature to achieve a flat frequency response up to the maximum bandwidth of the amplifier (�20 kHz) with 120 switches attached.

Error bars represent 61 S.D. from 10 replicate measurements. (b) Amplifier output voltage with gain compensation (green squares) and without (blue symbols)

as a function of device capacitance for a frequency of 10 kHz. The �0, 150, and 300, and 450 pF device loads are a result of actuating 0, 1, 2, or 3 reservoir

electrodes each containing 10 ll. Error bars represent 61 S.D. from 100 replicate measurements.

FIG. 3. Drop velocity measurements. (a) Video

frame from a sequence showing a drop of water

moving across four electrodes. (b) Representative

instantaneous velocity profiles for a drop of water

actuated at 110 (blue), 130 (green), and 150 Vrms

(red) (frequency¼ 10 kHz) onto an electrode. (c)

Average peak velocity of a drop of water moving

over four electrodes 50 times at different actua-

tion voltages (frequency¼ 10 kHz, error bars rep-

resent 61 S.D.). (d) Peak velocities from c shown

for each of the 50 repetitions for the 350 Vrms

experiment.
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To compensate for non-ideal amplifier behavior, the

DropBot system was designed to monitor the amplifier output

and adjust the input every 10 ms. Figs. 4(a) and 4(b) demon-

strate the effectiveness of this approach for frequencies up to

20 kHz and with several reservoirs actuated simultaneously.

Although this compensation scheme is effective under

typical operating conditions, there are other possible strat-

egies for addressing amplifier-loading effects. One solution

may be to redesign the switching boards to present a lower

capacitive load to the amplifier. This could be achieved

through a more optimal circuit board layout and/or by using

relays with a lower off-state capacitance. It may also be pos-

sible to find a high-voltage amplifier with improved perform-

ance under high loads. For any given amplifier, the

compensation scheme described here should enable stable

operation at higher frequencies and/or higher loads than

would be possible otherwise.

Small-batch, manual fabrication of DMF devices often

results in loose tolerances over insulator thickness. This

requires ad hoc adjustments to actuation voltage to achieve

consistent drop movement across devices. Fig. 5(a) shows

the peak velocity for drops of DI water driven with a range

of actuation voltages on two DMF devices, each with a dif-

ferent thickness of Parylene-C. Note that the device with

the 2.2 lm dielectric layer achieved equivalent peak veloc-

ities to the 6.2 lm layer device using much lower voltages.

This is expected because actuation force is proportional to

dielectric capacitance (Eq. (1)), and the thinner dielectric

exhibits a higher capacitance per unit area. Because the

DropBot system measures device capacitance and actuation

voltage simultaneously, it can estimate the actuation force

for any arbitrary device connected to the system. Fig. 5(b)

demonstrates that when peak drop velocity is normalized by

the estimated actuation force, the 2.2 and 6.2 lm devices

are virtually indistinguishable. The capability to automati-

cally apply a consistent actuation force regardless of the

particular device characteristics is attractive from a user

perspective, and is unique to the DropBot system. This fea-

ture also allows for meaningful comparisons of drop veloc-

ity between devices with varying dielectric properties.

In conclusion, we present DropBot, an open-source plat-

form for controlling and characterizing DMF devices. We

have demonstrated the system’s ability to measure instanta-

neous drop velocity and to precisely control the applied elec-

trostatic force through compensation for amplifier-loading

and parasitic capacitance. We believe that these combined

features will be useful to end-users developing new assays or

characterizing and optimizing device design and control. We

further suggest that the quantitative metrics provided by this

system will be useful for addressing some of the outstanding

challenges in the field, including improved device robustness

and resistance to biofouling.
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green). (b) Data from a plotted as a func-

tion of driving force as per Eq. (1).
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