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Abstract:



Microfluidics is still a fast growing field and an interesting market, which increasingly demands sophisticated equipment and specific engineering solutions. Aside from the widely discussed chip technology, the external equipment and machinery to operate such a microfluidic chip system comes into focus. A number of companies offer solutions to pursue the various requests made by the microfluidic community. Commercially available systems for pumping fluids are versatile but also highly expensive. Here, we present a fully-programmable pressure source, which is low-cost and can be utilized for pressure-controlled fluid driving, destructive bonding tests, and other pressure-relevant experiments. We evaluated our setup and compared the performance to a commercially available system. Furthermore, we demonstrated the use of the system in the field of droplet microfluidics as a possible application. Our development aims to lower the entrance threshold for microfluidic technology and make it more accessible to a broader audience.
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1. Introduction


Microfluidics have emerged to become the enabler technology in the fields of biology, biochemistry and life sciences [1,2,3,4,5]. As the microfluidic community grows larger, the requirement for sophisticated equipment and individual engineering solutions also arises. Microfluidic chip technology [6,7,8,9,10] and rapid prototyping strategies [11,12,13,14] have been widely covered over the last two decades. Besides the microfluidic chip, the external equipment to operate the devices and to drive fluids gain more and more importance. Basically, two types of pumps for displacing fluid and supplying the microfluidic chips can be distinguished. The first type is a flow-controlled pump, which commonly is implemented by syringe pumps. The principle is to unload a syringe using a precision stepping motor and a transmission steadily pressing the piston of the syringe. The flow-controlled pumps put out a constant liquid flow, which depends on the cross-section of the syringe and the velocity of the piston being moved. The second type is a pressure-controlled pump, which is popular especially when using electronic-like analogies to calculate microfluidic networks [15,16,17]. The most straightforward way to realize such a pressure-controlled pump is by hydrostatic pressure. A column of water is set up, where a liquid reservoir connected downward to a tube is set at a certain height. The height difference between the reservoir and the tube outlet results in the hydrostatic pressure given through Equation (1):


p=ρ·g·Δh.



(1)




where p is the pressure, [image: there is no content] is the density of the medium, g is the gravitational acceleration and [image: there is no content] is the height difference.



The hydrostatic pressure pump is low cost and functions without auxiliary power, though is bound to certain limitations. This passive device is not programmable and the maximum pressure is limited to the maximum height difference (see Equation (1)) reached, resulting in a rather bulky setup. Commercially available pressure-controlled pumps are programmable and utilize air compressors and controllers to set the pressure in a closed container holding the liquid. Typically, the lit of the container has two connectors, one to apply the pressure via pressurizing air and another one for the liquid tube to exit. While the overall dispensed volume and precision of a syringe pump is limited by the syringe size, a pressure pump can dispense virtually any volume size only depending on the used fluid container. Although professional equipment exists for both flow and pressure driven pumps, these commercial systems are also highly expensive and restricted in their modular expandability, hindering individual customization. Here, we present a fully programmable and inexpensive pressure source, which is highly flexible, easily customized and can be extended to the individual needs of any application, on the hardware side as well on the software side. The system requires a small amount of financial effort to be implemented and is easily maintained. The setup is assembled from low-cost components and is do-it-yourself (DIY) in nature. The implementation of the system is straightforward and well-suited for automation purposes. The setup can be achieved without the requirements of specific training or equipment. The software developed to operate the components is provided in the supplement. We show that the DIY pressure source is capable of functioning as a pressure-controlled pump. The approach aims to lower the entrance barrier for microfluidic technology and make sophisticated pumping modules accessible to a broader audience. We also want to contribute to the DIY concept as it has been strongly established within the microfluidic community [18,19]. In our studies, we characterized our setup and compared it to a commercially available pumping system. The accuracy, precision, noise and hysteresis systems are compared, respectively. In order to demonstrate the capability of the system, we show a possible application in the field of droplet microfluidics. Within the experiment, we generate water-in-oil droplets over a series of different ratios of the two pressure-driven phases.




2. Materials and Methods


2.1. Concept


The central unit of the programmable pressure source is an industrial pressure controller (ITV0010-2UBL, SMC, Tokyo, Japan) supplying an output pressure range from 0.01 mbar to 1000 mbar. The pressure controller requires an external source of compressed air and is operated over an electrical analog volt signal. The schematic of the system can be seen in Figure 1. The fieldbus system generated the electrical signal (0V to 5V) for the controller and simultaneously monitored the internal pressure signal (1V to 5V) of the controller. The fieldbus system (750–881, WAGO GmbH, Minden, Germany) was equipped with a 12-bit analog output clamp (750–559, WAGO GmbH) and a 12-bit analog input clamp (750–468, WAGO GmbH). The communication between fieldbus and computer was conducted via ethernet and a python-based software (Python 2.7.9) utilizing the python module PyModbus and an according graphical user interface (GUI).


Figure 1. Basic concept of the proposed pressure source. The electronic control is embodied by a fieldbus and a pressure controller fed by an external supply of pressured air. The fieldbus system facilitates the electrical control signals to the pressure controller and reads back the internal sensor signal of the pressure controller.
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2.2. Characterization Setup


The setup to characterize the pressure source can be seen in Figure 2. The pressure source was tested for two cases. In the first case, the pressure source was solely connected to a pressure sensor (PD23, Keller, Winterthur, Switzerland) without a load of a microfluidic system ([image: there is no content]); hence, no flow was generated. In the second case of testing, a microfluidic system including a flow sensor (Flow sensor 0182, Gesim mbH, Radeberg, Germany) was additionally connected to the pressure source to mimic real-world conditions. The hydraulic resistance of the fluidic system was varied ([image: there is no content] = 35.8, 20.0 and 11.0 mbar min [image: there is no content][image: there is no content]). The target value was the pressure at the source, which was measured by the pressure sensor. The pressure sensor was also evaluated with a 12-bit AD-converter clamp (750–468, WAGO GmbH) mounted on the fieldbus. The testing routine was a step function from 0 mbar pressure up 1000 mbar in steps of 25 mbar. Each step was held for 10 [image: there is no content] and was repeated when the step function was reversed from 1000 mbar down to 0 mbar. The routine was repeated twice. For reference, we also tested a commercially available pressure pump and compared the data with our setup. Figure S1 in the supplement provides an overview photograph of the experimental setup and Figure S2 holds detailed information about the microfluidic chip system. The commercial pump was the AF1 microfluidic pressure pump (Elveflow Instruments, Paris, France).


Figure 2. Characterization setup for pressure source. Without load: pressure source solely connected to the pressure sensor, no flow generated. With load: pressure source connected to the pressure sensor and a microfluidic system and a flow sensor over a V-connector. The hydraulic resistance of the microfluidic system was varied between [image: there is no content] = 35.8, 20.0 and 11.0 mbar min [image: there is no content]L−1.
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2.3. Microfluidic Chip System


2.3.1. Master Fabrication


A glass substrate (26 [image: there is no content] × 76 [image: there is no content], Menzel-Gläser, Gerhard Menzel B.V. & Co.KG, Braunschweig, Germany) with a thickness of 1.0 [image: there is no content] was cleaned with acetone, isopropanol and de-ionized water and dried using nitrogen. Consecutively, a dehydration bake at 150 °C for 20 [image: there is no content] on a hot plate was performed. A layer dry film resist (DFR) Ordyl SY355 (Elga Europe, Milano, Italy) was laminated and soft baked at 85 °C for 5 [image: there is no content]. This step was repeated according to the channel height that was required (each layer adding 50 [image: there is no content]). The exposure was carried out through a polymer film mask (Packaging laboratory, AVT, TU Dresden, Dresden, Germany) at an intensity of 1.66 W [image: there is no content][image: there is no content]. The exposure time for two layers of resist was 90 [image: there is no content], while three layers required 120 [image: there is no content]. The post-exposure bake (PEB) was performed at 85 °C, 30 [image: there is no content] for each layer of resist. The substrate was developed in the Ordyl developer and rinser (Ordyl Developer & Rinser, Elga Europe) for 6 [image: there is no content] in each. The development was finished off with rinsing of isopropanol and de-ionized water. The process was completed with a hard bake at 120 °C for 1.5 [image: there is no content].




2.3.2. Chip Fabrication


For chip fabrication, 27.5 [image: there is no content] of PDMS (Sylgard 184, Dow Corning, Midland, MI, USA) in a ratio of 10:1 was mixed with an electric stirrer for 5 [image: there is no content]. It was then de-gased in a vacuum chamber for 45 [image: there is no content]. The bubble-free PDMS was poured on top of the flow master creating a layer thickness of 4 [image: there is no content]. The PDMS was then cured in a convection oven at 60 °C for 2.0 [image: there is no content]. The chip was peeled off the master mould and bonded via oxygen-plasma (at 50 [image: there is no content] for 2 [image: there is no content]) onto a glass substrate.




2.3.3. Droplet Experiment


The microfluidic chip for the droplet generation was fabricated as explained above with a channel height of 150 [image: there is no content] (three layers of DFR). For the continuous phase we used a mineral oil (SpectraSyn10, ExxonMobil, USA) with 3 wt % of surface detergent (Span80, Sigma-Aldrich, St. Louis, MO, USA). The discontinuous phase was de-ionized water. Figure S3 in the supplement provides an overview photograph of the experimental setup and Figure S4 holds detailed information about the droplet generating chip system.






3. Results


The assembly of our setup was straightforward and concluded at a cost of about €720. The analogue input as well as output clamps of the fieldbus support four channels, meaning that our system, as designed, can be advanced to four pressure sources total. To run the system, we developed a Python-based software facilitating a graphical user interface (GUI) for easier control and is discussed below. The software was tested on a Linux system running on a Raspberry Pi 2.0 (Raspberry Pi Foundation, Caldecote, UK) and on MacOS X (Apple Inc., Cupertino, CA, USA).



The characterization of the pumping capability of the pressure source was carried out by measuring the output pressure with an independent pressure sensor. The measured results from the pressure sensor were evaluated for accuracy, precision, noise and hysteresis properties. All properties are given in mbar. In order to get a better understanding of the quality of these properties, we performed the same measurement and analysis with a commercially available pressure pump for reference. The resulting graphs can be seen in Figure 3. Each row in the graphs shows a different property over the measurement range (0, ..., 1000 mbar), while the columns hold the results for varying hydraulic resistances of the supplied microfluidic systems. The first column presents the graphs for the measurements without load, while the graphs in column two, three and four display the measurements with the load from a microfluidic system. The graphs with the blue dots are the results of the DIY pump setup while the red squares indicate the results of the commercial pump. The solid lines for each color show the average value over the entire range. The average value over the entire measuring range and the particular standard deviation is additionally noted in Table 1. The ideal value for all properties is 0 mbar, which is also noted in the graphs of Figure 3 by a solid black line.


Figure 3. Characterization results of the commercial pump (red squares) and our DIY setup (blue dots) for both cases without load ([image: there is no content] = ∞) and with load of a microfluidic system ([image: there is no content] = 35.8, 20.0 and 11.0 mbar min [image: there is no content]L−1). Solid lines (red and blue) mark the average value over the entire pressure range. Evaluated over the rows are the pressure properties accuracy, precision, noise and hysteresis.
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Table 1. Average value (mean) and standard deviation (STD) of the properties accuracy, precision, noise and hysteresis for both the DIY pressure source (DIY) and the commercial pressure pump (COMML) for varying hydraulic resistances over the entire pressure range.







	

	
Accuracy

	
Precision

	
Noise

	
Hysteresis
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Mean

	
STD

	
Mean

	
STD

	
Mean

	
STD

	
Mean

	
STD




	
Unit:

	
mbar min [image: there is no content]L−1

	
mbar

	
mbar

	
mbar

	
mbar

	
mbar

	
mbar

	
mbar

	
mbar






	

	
∞

	
0.16

	
4.81

	
0.49

	
0.09

	
0.85

	
0.38

	
−0.08

	
0.14




	
DIY

	
35.8

	
−9.55

	
2.65

	
1.06

	
0.29

	
3.92

	
0.89

	
−5.36

	
1.53




	
20.0

	
−9.51

	
3.03

	
0.43

	
0.13

	
3.75

	
0.46

	
−5.31

	
1.58




	

	
11.0

	
−9.00

	
2.79

	
0.56

	
0.15

	
3.47

	
0.49

	
−3.82

	
1.11




	

	
∞

	
16.15

	
0.98

	
0.18

	
0.05

	
0.35

	
0.16

	
0.02

	
0.03




	
Commercial

	
35.8

	
11.50

	
2.93

	
0.44

	
0.07

	
1.26

	
0.25

	
−0.68

	
0.17




	
20.0

	
11.80

	
3.16

	
0.41

	
0.06

	
2.53

	
0.26

	
−2.23

	
0.39




	

	
11.0

	
11.75

	
2.98

	
0.37

	
0.04

	
2.11

	
0.24

	
−1.83

	
0.34










3.1. DIY System Performance


3.1.1. Accuracy


Accuracy describes the difference between the measured value and the set nominal value and can be seen in row one of the graphs of Figure 3. Both pumps show a strong deviation in accuracy over all test conditions (without load as well as with load). The commercial pump outputs a positive offset pressure up to 16 mbar over the entire testing range. The deviation of this offset is rather small for the load free testing, while the test with load was higher due to a sine-like course of the offset. The DIY setup shows, with −9.5 mbar, a generally smaller deviation from the set value but a negative offset from the set value. The smallest offset from the set value in absolute is reached for the absence of load from 500 mbar to 600 mbar. The DIY pressure sources accuracy with a microfluidic system, as load is negative over the entire pressure range, giving out by tendency a value smaller than the required one. The deviation of the accuracy does not seem to be distributed systematically, but rather randomly.




3.1.2. Precision


Precision is the standard deviation over a series of measured values of an identical nominal value, describing the repeatability of the system showed in row two of Figure 3. The precision of both pumps for all testing cases (without load as well as with load) seems rather well and narrowly distributed, showing a high reproducibility of each pumping setup also for low hydraulic resistances. The data points are close to the x-axis and are almost ideal.




3.1.3. Noise


Noise is the standard deviation of a measured pressure value over time. This property determines the fluctuation of the pressure source during a quasi-static output. The noise of each pump in a quasi-static state can be seen in row three of Figure 3 and exhibits to be fairly low for no load, but increases with the load of a microfluidic system, where the pumps need to constantly re-adjust the pressure over the generated flow in the microfluidic networks. The noise of the commercial pump seems to increase with a decreasing hydraulic resistance, while the noise level of our setup seems to be generally at a higher level for the tests with load measurements. The deviation of the commercial pumps noise also seems to be more narrowly distributed.




3.1.4. Hysteresis


The measuring routine implemented a step function going up and down again within the pressure range. The measured value going up the step function and the measured value going down were compared. The difference was plotted over the pressure range for each set value and can be seen in row four of Figure 3. In the case of no load, both setups exhibit low hysteresis. The data points are close to the x-axis, and, therefore, to the ideal value. With decreasing hydraulic resistance from 35.8 to 20.0 mbar min [image: there is no content][image: there is no content], the hysteresis of the commercial pump increases but then stagnates for 11.0 mbar min [image: there is no content][image: there is no content]. The standard deviation of the hysteresis seems to be systematically low. The DIY pressure setup generally displays a higher hysteresis with a higher deviation of the value as well.





3.2. DIY System GUI


The software to control the system includes a GUI for a straightforward use. The GUI, which is based on the Tkinter package (https://wiki.python.org/moin/TkInter), is shown in Figure 4. The interface provides control buttons for up to four channels allowing the conduction of complex experiments. The button controls allow an increase or decrease of fix values but also enable the setting to a specific value. Each channel is assigned a color, which can also be found as a continuous pressure graph over time in the middle canvas. The top row contains buttons for general functions such as a button for a snapshot of the graph, a save button for data, a button to assign pressures simultaneously, or the “Zero” button to set off all controllers at once. The code is provided in the supplementary material. Within the classes of the pressure controller, we provide a series of more complex functions like sine, rectangular or ramp shape functions. An automation program to run the controllers can be written and accessed over the “Run Program” button. Every user is invited to add up to the software as user requirements may vary. The programmability is only limited by the language or the machine it is running on.


Figure 4. Graphical user interface (GUI) of the DIY system for controlling four pressure channels. (Top) general purpose buttons (Snapshot, Reset, Save, Set, Run Program, Quit); (Middle) canvas for pressure graphs over time; (Bottom) single channel control buttons with a visualization of the current set value.
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3.3. Droplet Generation


A suitable field of application for such a system is droplet microfluidics. In a related experiment, we generated water in oil droplets using a flow focusing device, where two oil channels coming horizontally from the side pinch off a water phase coming in vertically. In the course of the experiment, we operated two pressure controllers independently setting various pressure ratios of the two phases (pressure oil—[image: there is no content]; pressure water—[image: there is no content]; ratio = [image: there is no content]/[image: there is no content]), resulting in different droplet sizes. The droplet volume over the pressure ratio is shown in Figure 5. For a better estimation, we fitted the data to a power function, which is also included in Figure 5. The data fit for the droplet volume [image: there is no content] resulted in Equation (2) with a coefficient of determination R squared of R2 = 0.984:


Vdpopw=17.27nl·popw−1.577.



(2)






Figure 5. Droplet volume data and data fit over the pressure ratio [image: there is no content]/[image: there is no content] of the two pressure-driven phases. Additionally, data points were singled out showing a microscope image of the produced droplets. (scale bar = 500 [image: there is no content]).
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The data as well as the fit show a decreasing of droplet volume with an increasing ratio [image: there is no content]/[image: there is no content]. With the setup, we were able to produce droplet volumes from 20 nL down to under 1 nL with a narrow size distribution. During the experiment, we observed the pressure controlled flow to be very quickly adjusting to a new operation point, which increased the throughput of the experimental settings. Preliminary experiments with regular syringe pumps exhibited a much slower response.





4. Conclusions


The results show that the proposed DIY system is competitive in performance to the commercial pump system. Even though the commercial pump exhibits a slightly better quality in precision, noise and hysteresis, the results of our setup are still in a reasonable range. Especially when comparing the overall costs our pressure source seems very feasible with being under €1000, and, therefore under the commercial price by far, which lies in the range of a few thousands Euro. Table 2 makes a comparison between the DIY system and a typical commercially available system. The market offers both systems where the pressure is externally supplied, but also ones where the pressure is generated via an internal compressor. The systems with a built-in compressor allow a location-independent operation of the device while the system presented here, which is fed by an external pressure source, is bound to a location with a pressure outlet, although the external supply allows the use of other gases besides just air and each pressure controller can be supplied by a different type of gas. The developed Python-based software was able to run on both Linux and MacOS and is expected to work on Windows-based operating systems as well. The software developed allowed the implementation of a variety of functions, which are useful for front-end users and interesting for modification for developers. Most commercial software framework is strictly bound to Windows systems and is not as transparent, rarely leaving room for customization. The modular concept in combination with the software allows flexible customization of the pressure source. Components can be easily added or exchanged to adjust the functionality specific to an application. The straightforward concept assures also easy maintenance of the setup.



Table 2. Feature comparison between the DIY pump to a basic-equipped, commercially available pump systems.







	
Feature

	
DIY Pump

	
Commercial Pump






	
Pressure supply

	
external

	
build-in/external




	
External equipment

	
fieldbus system

	
none




	
Channels

	
1 (+3)

	
1




	
Manual control

	
no

	
yes




	
Operating system

	
MacOS, Linux, Windows

	
Windows




	
Software

	
open-source

	
corporate




	
Usability

	
front-end user/developer

	
front-end user










4.1. Fields of Applications


As we demonstrated, the DIY system is applicable and very well suitable in the generation of droplets. The system operates fast and can be regulated to a precise degree. The application we presented can be used for a droplet-based micro cultivation or particle synthesis, although the capability of a programmable pressure source is not limited to a pumping device as presented here. The pressure source is also beneficial for a precise pressure control of pneumatic membrane valves. The pressure source can easily be connected via quick-lock coupling to external solenoid valves. These solenoid valves feed integrated on-chip membrane valves and can be operated at an optimal pressure. A further field of application lies in a testbench setup for destructive de-lamination tests for microfluidic chip bonding. The bonding of microfluidic systems is always critical and therefore of special interest [20,21]. To test such a bond, the system’s outlet is blocked, while at the inlet, a pressured is applied, which is increased until the chip ruptures. The bonding typically withstands pressures of over 1 bar and more. In order to increase the capability of the pressure source, the pressure controller can be exchanged with a model, allowing a maximum pressure of up to 9 bar. The external supply of the pressure source allows the use of any desired gas. The system can be used this way, purging with inert gas to moderate either a chemical reaction, e.g., during emulsion polymerization, or to incubate microbial organisms on a microfluidic chip.




4.2. Costs


The proposed setup is a total cost of €720, only a fraction of the price of the commercially available systems. The fieldbus system we used is rather sophisticated and could be replaced by a microcontroller system e.g., Arduino (Arduino S.r.l., Genova, Italy) to reduce the overall costs even further. However, the Arduino Uno e.g., does not support an analogue output signal. In order to achieve the output functionality, an additional digital-analog-converter (DAC) shield ought to be implemented. The implementation of an Arduino system would increase accessibility following the open-hardware idea. Another way to go is to expand the described system since the fieldbus system used additionally supports another three pressure controllers to build up a four-channel pressure source. The additional costs would only be the price of the pressure controllers, which are €250 (VAT excl.) each. The ability to run on the Raspberry Pi 2 is beneficial to reduce the costs of the system further.









Supplementary Materials


Supplementary materials can be found at http://www.mdpi.com/2411-5134/1/2/13/s1.
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