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Abstract—Antibiotic detection in dairy is crucial, as 
introduction of antibiotics in food can lead to antibiotic 
resistance and cause allergic reactions in consumers. Dairy 
farmers risk monetary fines for shipping contaminated 
milk. Microfluidics is an appealing technology, as it is 
portable, can be implemented on-site, and is highly 
automated. This work presents a digital microfluidic dairy 
device for antibiotic detection. The digital microfluidic dairy 
device explores integration of a lock-in amplifier with 
droplet-based microfluidic techniques, being 
electrowetting actuation and droplet control. The lock-in 
amplifier setup is initially demonstrated for the fluorescent 
dye rhodamine B, to establish baseline operation. 
Ultimately, the lock-in amplifier setup is demonstrated for 
detection of ciprofloxacin in milk. The limit of detection is 
significantly lowered through the integration of the lock-in 
amplifier technology. Actuation of milk and water samples 
is shown, demonstrating full two dimensional control over 
the position of water and milk droplets, to enable a 
complete lab-on-a-chip system. The results show promise 
for modern dairy testing of antibiotic signatures. 

 

 
Index Terms—BioMEMS, digital microfluidics, droplet 

microfluidics 

I. Introduction 

t is a common practice around the world to administer 

veterinary drugs to cattle for promoting growth and 

regulating breeding. Furthermore, antibiotics are routinely used 

to treat infections in livestock such as cattle [1], [2]. 

Consequently, residues of these antibiotics and their 

metabolites are prone to appearing in dairy products which can 

then have negative effects on human health including allergic 

reactions [2] and antibiotic resistance [3].  

To protect public health, regulatory bodies enforce the testing 

of dairy milk for antibiotic residues [4]. Dozens of regulated 

antibiotics must fall under specified concentration limits in 
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order for the milk to be permissible for human consumption [5]. 

The tests for antibiotic residues are traditionally performed at a 

laboratory where dairy farmers must ship their milk in large 

containers [6]. The critical flaw in this method is that dairy 

farmers are unable to test the milk as they collect it and are 

therefore vulnerable to collecting large batches of contaminated 

milk. Modern commercially available on-site dairy testing 

devices have long response times [7], [8] and complex manual 

test procedures [9] which make them unviable to use during the 

milk collection process. To address this need for an on-site 

dairy tester, microfluidic devices represent a promising 

research technology. 

 Microfluidic devices are miniaturized sensors that aim to 

replicate chemical analyses performed in a laboratory onto an 

integrated device; thus, these devices are often referred to as 

lab-on-a-chip devices. Advantages of implementing chemical 

analyses on a microfluidic device include portability, minimal 

reagent consumption, and high throughput [10]–[13]. 

Traditional microfluidic devices are based on continuous flow 

of reagent fluid through channels of micron-scale width. 

In recent decades, an emergent branch of microfluidics 

known as digital microfluidics (DMF) has been actively studied 

[14]–[17].  The ability of DMF devices to transport, split and 

mix individual droplets of liquid samples across a digitized grid 

of electrodes provides a highly scalable lab-on-a-chip 

architecture [18]–[21]. The reconfigurability of DMF devices 

yields the potential to perform multiple parallelized chemical 

analyses on a single integrated device [22]. Digital 

microfluidics devices have found applications including point-

of-care clinical diagnostics [23], [24], environmental testing 

[25], and biological cell culturing [26], [27].  

Digital microfluidics is important in dairy testing for the 

following reasons. First, dairy microfluidics will require 

preprocessing, particularly when searching for the multiple 

antibiotics that would be present in a typical cattle treatment. 

Cattle are treated with a cocktail of (typically) three antibiotics 
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[28]. Farmers will have knowledge of the specific antibiotics 

their cattle receive, as this information is provided from the 

veterinarian report, thus informing the fluoresence wavelengths 

of interest (being necessary for the optical detection of 

antibiotics in milk via fluorescence spectroscopy—as later 

described in this manuscript). Second, dairy microfluidics will 

require automation. In general, existing techniques like the 

Charm Rapid One-Step Assay (ROSA) and Delvotest T test [8], 

[9] are manually implemented. Given that the on-farm use by 

nontechnical-trained personal (i.e., farmers), automation is 

crucial. Digital microfluidics can program in the electrode 

coordinates as a function of time for the application of the 

voltage source. This automation is also important because these 

measurements must be made in a short period of time, e.g., the 

typical five minutes that a cow is in the milking parlour [29]. 

Manual tests, or use without the automation of the DMF 

actuation may not be within this specification. Third, dairy 

microfluidics will require highly parallel operations (e.g., the 

multiple antibiotic application described above). Digital 

microfluidics is well-suited to highly parallel operations, as 

droplets can be moved independently thus enabling highly 

parallel and high throughput analyses. Fourth, dairy 

microfluidics will require reconfigurability. This is provided by 

DMF as these systems can be loaded with any number of 

droplet path instructions. Therefore, in the likely event to a clog, 

the system can be reconfigured to navigate around such 

obstacles, and continue to function while waiting for servicing. 

For DMF to be adapted for on-site dairy testing, the 

functionality to detect antibiotic residues from milk droplets 

and to actuate milk droplets must be demonstrated. Previous 

works applying continuous microfluidics to antibiotic detection 

in milk have used chromatography [30], [31] and 

electrophoresis [6], [32]–[36] to separate sample particles based 

on mass, charge, and chemical structure. The separated particles 

flow through narrow channels on the device for subsequent 

detection by fluorescence spectroscopy [6], [31], [33]–[36] or 

mass spectrometry [32], [37]–[39]. Although continuous flow 

devices are effective in sensing antibiotics, they face significant 

limitations including need for preprocessing of milk samples, 

excessively high voltages and the need for custom buffer 

solutions. To prevent clogging of narrow channels, milk 

samples must be centrifuged or filtered using laboratory 

equipment. The channels must then be rinsed for several 

minutes between each trial. These procedures require time, 

equipment, and manual attention, which is often unavailable for 

on-site applications.  

To achieve fast response times and low detection limits, 

continuous microfluidics rely on high voltages in range of 14 

kV – 30 kV [31]–[39]. Although voltages low as 500 V have 

been demonstrated, they sacrifice performance and sensitivity 

[6]. These kilovolt scale potentials are challenging to generate 

in a miniaturized on-site dairy tester. By contrast, DMF devices 

commonly operate under 400 V [40] which can be reliably 

produced by a voltage boost converter circuit [41].  Continuous 

flow devices also require carefully prepared and stored buffer 

solutions to be loaded in the channels for each trial [6], [31]–

[39]. To summarize, modern continuous flow devices are 

unsuitable for on-site dairy testing due to dependence on 

laboratory equipment, long preparation times, and manual 

processes. Digital microfluidic devices provide valuable 

improvements in these areas. 

The most widely used detection method in DMF biosensors 

is optical detection including absorbance and fluorescence 

spectroscopy [11]. Optical detection is well-suited to DMF 

devices due to being contact-free, miniaturize-able, and 

accessible. Being contact-free allows optical detectors to work 

with biological sample droplets without the risk of biofouling 

[42]. Optical equipment including light emitting diodes (LEDs), 

photodiodes and optical filters have the small footprints 

required to integrate with microfluidic systems. Compatibility 

with fiber optic waveguides has further shown miniaturization 

of optical detection in DMF devices [43], [44]. Optical 

detection is also well-suited to dairy testing as multiple 

regulated antibiotics are measurable by fluorescence 

spectroscopy [31], [33].  

Digital microfluidic sensors commonly rely on label 

molecules which selectively bind to the target analyte and are 

more readily detected [11]. Analytes sometimes undergo 

autofluorescence (e.g., fluoroquinolones such as ciprofloxacin 

and levofloxacin [45]), and the use of a label is unnecessary. 

The use of label molecules can be undesirable due to cost and 

complexity, as a new label molecule is used for each target 

analyte [46]. If used with analytes requiring a label, DMF can 

achieve such preprocessing, avoiding use of trained personnel 

[47]. Dependence on personnel and lab facilities is not well-

suited to on-site applications. Thus, the development of DMF 

devices is valuable. 

 This work addresses the functionality of antibiotic sensing 

for an on-site DMF dairy tester. We present an optical detection 

method for antibiotics in milk droplets. The presented method 

is enabled by lock-in amplified fluorescence spectroscopy. 

Detection is performed in milk droplets without need for 

chemical separation thereby demonstrating compatibility with 

modern DMF devices. This method is demonstrated by 

detection of the ciprofloxacin antibiotic in droplets of milk. The 

relationship between droplet volume and fluorescent intensity 

of ciprofloxacin is also investigated. We also demonstrate 

actuation through electrowetting with complete two 

dimensional control of milk and water droplets. The results of 

this work demonstrate a viable detection method for integration 

in a DMF dairy tester. 

II. FRAMEWORK AND DEVICE 

A. Lock-In Amplification 

 

The lock-in amplifier (LIA) is a scientific instrument used to 

measure weak signals from a noisy background in applications 

where signal-to-noise ratio (SNR) is low [48]. The LIA is able 

to take a noisy signal and compare it to a reference signal to 

selectively extract the weak signal oscillating at the reference 

frequency [49]. The instrument is fundamentally composed of 

two components: a phase sensitive detector (PSD) and a low 

pass filter.  
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The PSD is a critical component in a LIA. The two input 

signals to the PSD are the raw signal and the reference signal. 

The raw signal is the noisy signal where there exists some weak 

component signal of interest at a target frequency. The 

reference signal is a separate sinusoidal signal whose frequency 

is equivalent to the target frequency. Thus, the general form of 

the raw signal and reference signal can be represented by  

 

                   𝑋(𝑡)raw = 𝑉rawsin⁡(2π𝑓raw𝑡 + 𝜃raw) (1) 

 

and  

 

 

                    
                  ⁡𝑋(𝑡)ref = 𝑉ref sin(2π𝑓ref𝑡 + 𝜃ref)⁡⁡, (2) 

 

where V is amplitude, f is frequency, and θ is phase shift for the 

raw and reference signals, respectively. Equation (1) and 

equation (2) can also be given in the frequency domain as 

 

                    

                        ⁡𝑋(𝑓)raw =
𝛿(𝑓−𝑓raw)−𝛿(𝑓+𝑓raw)

2
 (3) 

 

and,  

                    
                             

                        ⁡𝑋(𝑓)ref =
𝛿(𝑓−𝑓ref)−𝛿(𝑓+𝑓ref)

2
⁡⁡, (4) 

 

respectively. Note that frequency domain equations are shown 

without accounting for phase shift for simplicity. The PSD 

passes the raw and reference signals through a frequency mixer. 

This is analogous to multiplying the time domain signals or 

performing a convolution in the frequency domain. The 

resulting output of the PSD is  

                              

⁡𝑌(𝑡) =
1

2
𝑉raw𝑉ref[cos(2π𝑓raw𝑡 − 2π𝑓ref𝑡 + 𝜃raw − 𝜃ref) −

cos(2π𝑓raw𝑡 + 2π𝑓ref𝑡 + 𝜃raw + 𝜃ref)]          

                       (5) 

in the time-domain or 

 

 𝑌(𝑓) =
1

4
(𝛿(𝑓 − 𝑎) + 𝛿(𝑓 + 𝑎) − 𝛿(𝑓 − 𝑏) − 𝛿(𝑓 + 𝑏))⁡⁡ 

                              (6) 

 

in the frequency domain where ⁡𝑎 = 𝑓raw − 𝑓ref and ⁡𝑏 =
𝑓raw + 𝑓ref⁡. Considering the condition that ⁡𝑓raw = 𝑓ref⁡, 
equations (5) and (6) show the output from the PSD has two 

frequency components; one at frequency of zero, and another at 

the sum frequency of the inputs. This output signal is 

conditioned by a low pass filter which attenuates signal 

components at the sum frequency and its harmonics. The final 

output from the LIA is a DC signal with amplitude proportional 

to the reference frequency amplitude in the raw signal. 

 

B. Device 

Figure 1 shows a schematic of the proposed ultimate device. 

In Fig. 1(a) the main components are shown separated, being 

the printed circuit board (PCB) DMF actuation and indium tin 

oxide (ITO) fluorescence sensing platforms (top in image), the 

photodiode apparatus (bottom left in image), and the ultraviolet 

(UV) LED apparatus (bottom right in image). The photodiode 

apparatus and the UV LED apparatus are used to achieve 

fluorescence. The DMF actuation and sensing platform is used 

for droplet actuation and as a transparent and conductive 

platform to perform fluorescence. In Fig. 1(b) the operation is 

shown, whereby the left milk droplet is positioned on the ITO 

fluorescence sensing platform, and the right milk droplet is 

positioned on the PCB DMF actuation platform. The left milk 

droplet can have UV strike it from above and fluorescence 

visible light through the ITO (transparent substrate) and optical 

bandpass filter (blue substrate) and be incident on the 

photodiode below. With such a setup, droplets can be moved 

between the ITO fluorescence sensing platform and the PCB 

DMF actuation platform, allowing high throughput and 

preprocessing. 

The photodiode used in experiments is the DET 36A 

(Thorlabs, United States) silicon based photodiode. This 

photodiode is sensitive to light wavelengths in the range of 350 

to 1100 nm. The photodiode is operated in photovoltaic mode 

to minimize dark current. The bandpass optical filter is placed 

beneath the ITO fluorescence sensing platform and above the 

photodiode to block the excitation wavelength and pass the 

longer fluorescent wavelength. The LED and optical filters are 

chosen depending on fluorescent characteristics of the analyte. 

The SR830 LIA (Stanford Research Systems, United States) 

takes the signal from the photodiode and is used here for the 

presented lock-in based florescence spectroscopy experiments. 

The LIA took input current from the photodiode to its internal 

transimpedance amplifier configured with a gain of 106 V/A. 

Sensitivity of the LIA is set as 50 mV/nA. The time constant is 

set as 30 milliseconds. The slope of the internal low pass filter 

is set as 18 dB. 

The DMF device is divided into two separate custom printed 

circuit boards connected by flat ribbon cables. The first board 

houses a 6 × 6 electrode grid where each electrode has a pitch 

of 2,750 m and gap of 100 m to adjacent electrodes. An 

interdigitated electrode geometry is used to maximize contact 

line length of the droplet with adjacent electrodes and maximize 

droplet velocity [50]. The board has four copper layers used to 

connect high-voltage traces by via-holes to each of the electrode 

pads. A 419D acrylic conformal coating (M.G. Chemicals, 

Canada) is applied and traces are designed to safely handle the 

required voltage. A stretched layer of parafilm is then fixed over 

the coated electrodes to form a smooth contact surface with the 

droplet. Silicone oil forms the hydrophobic layer. The second 

circuit board (not shown in Fig. 1) in the system houses the 

microcontroller and control components. The microcontroller is 

an Arduino Nano running a state-machine event driven 

firmware. The microcontroller receives commands over UART 

from a host PC running a custom graphical user interface. 

Commands received by the microcontroller over UART are  
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Fig. 1.  The apparatus of the LIA fluorescence spectroscopy experiment 
is shown with (a) components separated and (b) components 
assembled together. In (a) the top image is the printed circuit board 
(PCB) digital microfluidic device (DMF) actuation platform and indium tin 
oxide (ITO) fluorescence sensing platform, the bottom left image is the 
photodiode, and the bottom right image is the ultraviolet (UV) light 
emitting diode (LED). In (b) the assembled proposed configuration of the 
experimental apparatus is shown. A microfluidic milk droplet is seen on 
the left between the UV LED and the ITO fluorescence sensing platform, 
with the photodiode beneath. A second microfluidic milk droplet is shown 
on the right that is positioned on the electrodes of the PCB DMF 
actuation platform, illustrating the parallel operational capability of the 
experimental apparatus. 

 

translated to an HV507 serial-to-parallel converter chip for 

driving voltage to the electrodes. Electrodes are pulled to 

ground by default except for activated electrodes which are 

driven to 300 V DC. 

 

 Digital Microfluidic Lock-in Amplification  

C. Pilot Experiment 

 

A pilot experiment using the fluorescent dye rhodamine B 

(Sigma Aldrich) was performed to validate the experimental 

setup. The rhodamine B fluorescent dye emits visible light at a 

wavelength of 627 nm (i.e., red) when excited at 553 nm (i.e., 

green). The rhodamine dye is mixed in aqueous droplets to test 

concentrations ranging 0.5 µM to 67 µM.  Droplets are pipetted 

onto the DMF dairy device at a fixed volume of 5.0 µL. A green 

LED is driven by a 2.5 kHz square wave from a function 

generator. The FEL0600 long-pass filter (Thorlabs, United 

States) with cut-on wavelength of 600 nm is used to pass only 

fluorescent light onto the photodiode. Between each trial the 

sample droplet is removed and a new droplet is pipetted. The 

photocurrent measured by the LIA versus rhodamine B 

concentration in aqueous droplets is plotted in Fig. 2, presented 

as a linear-linear plot in Fig. 2(a) and presented as a semi-log 

plot in Fig. 2(b). 

The plot in Fig. 2 shows a positive correlation between 

fluorescent dye concentration and photocurrent. The 

logarithmic trend is characteristic of photodiodes operated in 

photovoltaic mode. The response can be made increasingly 

linear by reverse-biasing the photodiode and operating in the 

photoconductive mode although the drawback is increased dark 

current. The results of this pilot experiment validate 

performance of the experimental setup. 

 

 

 
 

Fig. 2.  Lock-in amplified photocurrent against rhodamine B 
concentration in 5.0 µL aqueous droplets. The mean photocurrent and 
corresponding standard deviation of n = 3 repeated measurements are 
shown as a function of rhodamine B concentration. The data is 
presented as (a) a linear-linear plot and (b) a semi-log plot. (Note that 
the (0,0) data point is omitted from the semi-log plot.) 

 

D. Digital Microfluidic Antibiotic Detection 

The following experiments measure concentration of 

ciprofloxacin in milk droplets on the ITO fluorescence sensing 

platform. Ciprofloxacin is a widely used antibiotic to treat cattle 

and is strictly regulated in dairy products [51]. Ciprofloxacin 

hydrochloride (Fisher Scientific, United States), is dissolved in 

two percent milk bought from a local vendor to produce 

solutions of concentrations ranging 0.01 mM to 1.00 mM. 

Previous studies demonstrated fluorescence of ciprofloxacin to 

emit at 440 nm (i.e., blue) when excited at 280 nm (i.e., 

ultraviolet) [52]. The LED used in this work is the 

commercially available VLMU60CL00-280–125 (Vishay 
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Semiconductors, United States) with peak wavelength of 280 

nm and output power of 2.4 mW. The LED is driven by a 2.5 

kHz square wave. The Edmund Optics 86–339 band-pass filter 

(Edmund Optics, United States) centered at 440 nm with 

bandwidth of 40 nm is placed above the photodiode. The 

photocurrent measured by the LIA is plotted against 

ciprofloxacin concentration in Fig. 3. 

The results in Fig. 3 show an increasing photocurrent signal 

with increasing ciprofloxacin concentration in 5.0 µL of milk. 

The lowest ciprofloxacin concentration experimentally 

measured is 0.01 mM. The slope of the response curve in Fig. 

3 corresponds to a measurement sensitivity of 1.39 nA/mM. 

The limit of detection can then be calculated as the ratio of three 

times the standard deviation of the blank reading to detection 

sensitivity [33]. This yields a limit of detection of 0.015 mM, 

producing an output that is statistically greater than the blank 

droplet reading. This 0.015 mM limit of detection achieved with 

LIA measurement is significantly improved from a similar 

experiment using continuous microfluidics and electrophoretic 

separation of milk with a limit of detection of 0.19 mM [6]. 

 

 
 
Fig. 3.  Lock-in amplified photocurrent against ciprofloxacin 
concentration in 5.0 µL milk droplets. The mean photocurrent and 
corresponding standard deviation of n = 5 repeated measurements are 
shown as a function of ciprofloxacin concentration 

 

E. Limit-of-Detection Considerations 

In the literature there are more than one definition of the LOD 

equation. Sengul [53] summarizes the common LOD equations. 

The Visual Evaluation Method is described in equation (1) of 

Sengul. In the Visual Evaluation Method, the LOD is stated to 

be three times the standard deviation plus the average 

concentration. However, we follow the Signal-to-Noise 

Method, also reported on in Sengul, in equation (4). This 

Signal-to-Noise Method for the LOD equation is stated to be 

three times the standard deviation divided by the slope of the 

calibration curve.  

 

F. Effect of Droplet Volume 

The LIA fluorescent detection of ciprofloxacin in milk is 

performed with varied droplet volumes to investigate the effect 

on fluorescent output. These results are shown in Fig. 4. The 

results showed a general increase in LIA measured 

photocurrent with droplet volume which suggested increased 

fluorescent intensity with droplet volume. Previous studies 

have demonstrated that increased fluorescence intensity is not 

directly proportional to droplet volume [54]. Instead, the 

relation between droplet fluorescence intensity and volume is 

characterized by a complex interaction between scattering, ray 

focusing and absorbance within the droplet [55]. Handling large 

volumes would not be typical of a dairy application of the 

microfluidic chip. By comparison to closed configuration DMF, 

the open configuration is preferred as it is conducive to 

fluorescence spectroscopy with ultraviolet excitation and 

visible emission [56]. 

The LIA fluorescence spectroscopy method for measuring 

concentration of ciprofloxacin in milk droplets can be evaluated 

in terms of its limit of detection. Using fluorescence 

spectroscopy, a limit of detection of 0.015 mM for 

ciprofloxacin in milk droplets is achieved. At a molar mass of 

331.35 g/mol and milk density of 1.03 kg/L, this limit of 

detection translates to 5 ppm which is comparable to the 

required regulatory limit of detection of 0.1 ppm [51]. This 

fluorescence spectroscopy detection can be extended to 

multiple antibiotics regulated in dairy milk. 

 

 

 
 
Fig. 4.  Lock-in amplified photocurrent against ciprofloxacin 
concentration in milk droplets of volumes: (a) 7 µL, (b) 9 µL, (c) 11 µL 
and (d) 13 µL. The mean photocurrents and corresponding standard 
deviations of n = 3 repeated measurements are shown as a function of 
ciprofloxacin concentration. 

 

G. Lock-in Amplification Considerations 

The potential of a false positive measurement is discussed 

here. There have been some observances of fluorescence, e.g., 

Liu et al. noting fluorescence of raw milk at wavelengths of 

350, 395, and 520 nm  [57]. However, we use an optical 

bandpass filter with a narrow bandwidth of 40 nm and centre 

wavelength of 440 nm. This narrow bandpass filter ensures the 

other florescence described by Liu et al. is unlikely to be present 

on the photodiode. However, despite this protection being in 

place, further accounting for false positives is an important 

point of future work. 
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III. DIGITAL MICROFLUIDIC ACTUATION  

A. Digital Microfluidic Milk Droplet Actuation 

The functioning of a full dairy lab-on-a-chip system requires 

open system actuation of milk droplets. This is shown in Fig. 5, 

where a milk droplet is actuated sequentially around a loop 

within a lab-on-a-chip DMF dairy device. This high level of 

control provides the potential for multiple LIA testing platforms 

within one lab-on-a-chip platform. 

 The DMF dairy device, with its PCB DMF actuation 

platform, can actuate multiple droplets simultaneously through 

programming of the via-hole electrodes. This is shown in Fig. 

6, where the top droplet is milk and the bottom droplet is water. 

The droplets are originally positioned away from each other, 

then are actuated towards one another, and finally away again. 

Such operational control is required for analyte mixing.  
  

B. Open and Closed Digital Microfluidic Systems 

For this work, it is important to operate in a DMF open 

system, because the fluorescence requires the UV photons (e.g., 

280 nm) to not pass through a glass top plate, due to its high 

optical absorption coefficient (greater than 1 cm-1), while 

visible photons (e.g, 440 nm) can pass through a glass bottom 

plate, due to its low optical absorption coefficient (less than 

0.01 cm-1) [58]. Therefore an open system is important as the 

ITO glass is only present on the bottom of the droplet where 

there is visible light (440 nm) and not on the top of the droplet 

where there is UV (280 nm). Dispensing can be challenging for 

open systems. However, there is work done indicating that 

droplet splitting and manipulation can be achieved in an open 

system DMF chip [59]. 

 

IV. CONCLUSION 

This work presented a lock-in amplifier measurement 

technique for a digital microfluidic device for dairy 

applications. The presented method is well-suited to integration 

on digital microfluidic devices. The work presented 

experimental results of actuation of milk and water droplets, 

with complete actuation control and programming. The results 

of this work are important to demonstrating a viable method for 

antibiotic detection in milk droplets which is necessary for 

future integration of microfluidic devices in the dairy industry. 

 

 
Fig. 5.  The DMF actuation is shown on the DMF dairy device for a single 
milk droplet (approximately 2 μL) performing a square actuation pattern. 
The milk droplet ultimately returns to its starting position. Time steps are 
noted above each image frame. 
 

 
Fig. 6.  The DMF actuation is shown for the DMF dairy device for two 
droplets, milk and water, performing an operation where the droplets 
initially move towards one another and then move apart. 
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