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a b s t r a c t

An open-source precision pressure pump system and control software is presented, pri-
marily designed for the experimental microfluidics community, although others may find
additional uses for this precision pressure source. This mechatronic system is coined
‘mPump,’ and its performance rivals that of commercially available systems, at a fraction
of the cost. The pressure accuracy, stability, and resolution are 0.09%, 0.02%, and 0.02% of
the full span, respectively. The settling time to reach 2 bar from zero and stabilize is less
than 2 s. Material for building a four-channel mPump (approx. $3000 USD) or an eight-
channel mPump (approx. $5000 USD) is approximately a quarter, or a third of the cost of
buying a high-end commercial system, respectively. The design rationale is presented,
together with documented design details and software, so that the system may be repli-
cated or customized to particular applications. mPump can be used for two-phase droplet
microfluidics, single-phase microfluidics, gaseous flowmicrofluidics and any other applica-
tions requiring precise fluid handling. mPump provides researchers, students, and startups
with a cost-effective solution for precise fluid control.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Specifications table
Hardware name
 Open source precision pneumatic pump (mPump)
Subject area
 � Microfluidics
� Engineering and Material Science
� Chemistry and Biochemistry
� Medical (e.g. Pharmaceutical Science)
� Biological Sciences (e.g. Microbiology and Biochemistry)
� Educational Tools and Open Source Alternatives to Existing Infrastructure
� General
Hardware type
 � Precision fluidic handling

Open Source License
 GNU General Public License (GPL)

Cost of Hardware
 ~$5,000USD for a full 8-channel mPump

Source File Repository
 All source files and design files are uploaded at the time of submission
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1. Hardware in context

Microfluidics deals with the study of fluids at the micron scale. The small scale provides key advantages, including lower
reagent consumption, shorter reaction time, and lower cost. Applications range across a variety of fields, including material
synthesis [1], biological assays such as PCR [2] and drug development [3], organs-on-a-chip [4] and fuel cells [5]. Most
microfluidics platforms use either a syringe pump or a pressure pump to drive the fluids.

In the context of droplet microfluidics, syringe pumps are commonly used when a pressurized air source is not available.
However, their long and persistent transient is undesirable for high-performance applications [6,7]. Harvard Apparatus is
one of the common providers of commercial syringe pumps. The syringe pump technology is relatively simple and relies
on a stepper motor driving the piston of a syringe linearly; hence, building such a prototype is fairly straight forward and
has been documented in the literature [8].

Pressure pumps reduce both long and short term pressure oscillations. Commercial systems typically cost more than syr-
inge pumps and are made by companies such as Elveflow and Fluigent. Although some commercial systems have software
development kits (SDKs) available, the pump is effectively a black box, and customization is limited.

Open-source pressure-driven options are quite limited. Information for the so-called Quake’s valves is available to
build a system to control multi-layer microfluidic chips [9,10], but the operating principle is inherently different from
a pressure pump system such as the MFCS-EZ sold by Fluigent. Pressure pumps are microcontroller-based systems that
can essentially generate a continuously variable pressure signal (albeit in tiny discrete increments); multi-layer devices,
on the other hand, are controlled by solenoid valves that switch port pressures on or off, and are thus discrete (or bin-
ary) as opposed to continuous. Recent work has also produced low cost open-source microfluidic control system that
focuses on miniaturization and control of a large array of solenoid valves while incorporating a mini air compressor
within the build [11]. However, such a system trades precision and accuracy for portability. mPump, on the other hand,
is the opposite, it is a high precision benchtop fluidic control system that has the performance on par with much more
expensive commercial systems.

An open-source pressure pump system offers not only the higher performance in terms of short response time and
improved stability, but also the ability to customize and tailor the design to individual requirements, and at a significantly
lower cost than commercially available systems. The lower cost should help microfluidics become more accessible to
researchers in a broad range of fields, including chemistry, biology, material science, etc. As an open-source system with full
access to, and understanding of, the detailed construction and operation, it also shows promise in less developed areas of
microfluidics such as active control of individual droplets [12,13].

2. Hardware description

2.1. Design overview

The design of mPump is based around a commercial electronic pressure actuator from ControlAir Inc. This pressure actu-
ator is an electro-mechanical device that controls the air pressure at the output port in response to an input voltage signal,
via an internal closed-loop pressure feedback system and a piezoceramic actuator. This pressure actuator is integrated into a
mechatronic system, as shown (for a single channel) in Fig. 1.

Referring to Fig. 1, the PC runs the mPump Graphic User Interface (GUI) that communicates with mPump via a serial USB
connection. At the mPump end, an Arduino Mega microcontroller provides the USB interface with the PC and communicates
with a Digital to Analog Converter (DAC) to set the desired output pressure, as well as with an Analog to Digital Converter
(ADC) to read the actual pressure at the outlet port. The communications between the microcontroller and the DAC and ADC
are via a SPI serial interface.

The overall design is modular in the sense that the printed circuit board (PCB) on which the ADC, DAC and support cir-
cuitry are placed is designed to accommodate components for up to eight individually controlled ports, although the board
needs only be populated with as many channels as required for a particular application. Likewise, only as many pressure
actuators as required need to be included. This helps reduce costs in applications where only 1 or 2 ports are required, while
providing the potential to control up to 8 ports using the same PCB and control software. The pressure actuator can also be
changed to any OEM (original equipment manufacturer), as long as the input signal is 0–5 V.

2.1.1. Required performance

2.1.2. Active pressure actuator characterization
The active pressure actuator selection is informed by the performance criteria (Table 1) previously specified to ensure

suitable pressure output characteristics. The performance of mPump is primarily determined by the active pressure actuator.
As such, the dynamic characteristics of the pressure actuator, ControlAir model T900-CIM [14], were determined from the
manufacturer’s performance specifications (shown in Table 2) and by investigating the unit’s step and frequency response



Fig. 1. System overview showing the communication pathways between components.

Table 1
The minimum criteria that must be met in the context of
microfluidics applications correspond to the performance of a
commercial Fluigent pump.

Minimum Performance Criteria Values

Pressure output accuracy �2 mbar
Pressure reading resolution �1 mbar
Sampling rate 10 Hz (~63 rad/s)

Table 2
Control Air T900-CIM performance specifications.

Specifications Values

Flow capacity 7.6 m3/hr
Accuracy, hysteresis and repeatability ± 0.10% of span
Deadband 0.02% of span
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in outlet pressure. For a span of 2 bars, the corresponding error band of ± 0.10% is ± 2 mbar, which satisfied the first criterion
from Table 1.

The outlet pressure is measured using an MPX4250DP linear pressure sensor produced by NXP Semiconductor [15]. This
is an integrated piezoresistive transducer with on-chip signal conditioning and temperature compensation. The sensor out-
put voltage is given as:
Vout ¼ Vcc � P � 0:00369� 0:04ð Þ � Verr ð1Þ
where Vcc is nominally 5 V, P is between 0 and 250 kPa, and Verr is typically ±0.04 V.
The output voltage (Vout) range is linear between 0.2 V and 4.86 V, and a 12-bit ADC with a 5 V input range provides a

least significant bit (LSB) resolution of 0.5 mbar. The resolution is suitable with respect to the criterion established in Table 1.
It is important that the sensor Vcc is stable and accurate since the output voltage is directly proportional to this. As such, a
MAX6250 precision voltage reference capable of supplying the nominal 7 mA sensor supply current was chosen.

Since we aim to be able to both read and set the outlet pressure to be within 1 mbar, a 12-bit DAC was chosen to provide
the input voltage to the ControlAir pressure actuator. A MCP4922 dual 12-bit converter was selected since most applications
were envisioned as requiring at least two controlled output ports.

The outlet pressure response of the ControlAir model T900-CIM to a control voltage step input from 1 V to 3 V is shown in
Fig. 2a. It is evident that the response is underdamped with a settling time of approximately 0.2 s, and with a maximum slew
rate of 8 bar/s. The response to a 0.5 V square wave is shown in Fig. 2b, fromwhich it is evident that the positive and negative
change in pressure response is somewhat different, although the response and settling times are similar. To estimate the
natural frequency, the amplitude ratio and phase response at select frequencies were measured, as shown in Fig. 3. The nat-
ural frequency was estimated to be about 40.8 rad/s or 6.5 Hz, and the low-frequency in-phase response and 180� high-
frequency phase lag indicate a second-order system. The performance characteristics of the ControlAir pressure actuator
are thus suited to applications where command pressure updates are issued at up to about 62.8 rad/s or 10 Hz as specified
in Table 1. The frequency response analysis better informs the upper command update limit for continuously varying pres-
sures; the settling time depends on the step and volume but can generally be guaranteed to be less than 2 s.



Fig. 2. (a) Pressure regulator (ControlAir T900-CIM) response to a step from 1V to 3V; (b) Pressure regulator (ControlAir T900-CIM) response to a 0.5V
square wave.
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2.2. Detailed description

The mPump design is modular in the sense that the number of independent pressure channels can be easily changed to
accommodate the number of ports required. The control software can also be easily configured to accommodate up to 8
channels, and can readily be embedded within third-party software. mPump can be used as standalone equipment or can
be integrated into a more complex system. All hardware components used to build mPump can be readily purchased from
online vendors, and local suppliers can often provide many, if not all, the components needed. The graphical user interface
(GUI) gives the user full control of mPump, allowing for quick parameter changes and seamlessly connecting and disconnect-
ing with mPump, as well as reading and recording the pressure information for each fluidic channel.

The paper is divided into the following sections: 3. Design files, 4. Bill of material, 5. Build instructions, and 6. Oper-
ation instructions, which provide a complete set of information on making and using mPump. mPump (Fig. 4) consists of
three assemblies: a pneumatics assembly, an electronics assembly, and the housing. The working fluid, typically dry air fil-
tered to 1 mm (although a variety of non-corrosive gasses may be used) connects to the unit via a ¼” NPT inlet port at the
back panel.
2.2.1. Pneumatics assembly
The pneumatics assembly provides fluidic pressure to each channel. Shown in Fig. 5 is a 3D CAD image of an 8-channel

pneumatic actuator system. The three-port two-way (3/2) solenoid valve controls flow from the inlet port to the distribution
manifold. The pneumatic manifold distributes the working fluid to each pneumatic actuator. An inlet pressure sensor (not
shown in Fig. 5) connected to the pneumatic manifold provides real-time inlet pressure data as well as an input signal to
the software-controlled emergency shutoff via the 3/2 solenoid valve. This provides a layer of protection against out-of-
range inlet pressure.



Fig. 3. Pressure regulator (ControlAir T900-CIM) frequency response (Bode plot).

Fig. 4. (a) 3D rendering of a pneumatically controlled microfluidic pump (mPump) with four independently controlled fluidic channels, (and can be
upgraded to a max of 8 channels). (b) Photograph of a completed pneumatically controlled microfluidic pump (mPump) with four independently controlled
fluidic channels.
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A pneumatic actuator controls the pressure at each of the 8 independent outlet ports. A solid-state pressure sensor pro-
vides real-time data of the actual regulated pressure at each outlet port. Panel mounted outlet connectors provide a secure
connection means via silicone or Tygon tubing to reagent reservoirs. All internal tubing is ¼” o.d. with 1/1600 wall thickness.
All external pneumatic connections are either ¼” or 3/800 NPT (National Pipe Thread) or ¼” push-to-connect fittings, with the
exception of the outlet ports which use a #10–32 UNF thread and a Luer lock connection.



Fig. 5. 3D rendering of an 8-channel pneumatic assembly.
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2.2.2. Electronics assembly
The electronics assembly provides the power and signal communication to the pneumatic components as well as the

interface with the GUI. Shown in Fig. 6 is a 3D CAD image of the electronics assembly for an 8 channel mPump. The micro-
controller, an Arduino Mega, provides a USB interface between mPump and an external PC; it establishes the communication
between the PC and the pneumatic peripherals such as the pressure sensors and pressure actuators through the printed cir-
cuit board assembly (PCBA). The user sets the control parameters for the microcontroller via a graphical user interface (GUI)
on the PC.

PCBA interfaces the pressure sensors and actuators to the microcontroller. It includes 8 active low-pass filters, an 8-
channel 12-bit ADC, four 2-channel 12-bit DACs, and precision voltage references. Electrical power to the active compo-
nents is also provided on this PCB. The 12 V to 5 V step-down board provides power to the inlet pressure sensor and
inlet pressure display. The electromechanical relay board interfaces the inlet solenoid valve and pneumatic actuators to
outputs on the Arduino Mega; an electromechanical relay board was chosen for convenience and provides a simple
safety disconnect rather than design a solid-state power circuit interface. mPump requires a 12 V, 2 A external power
supply, such as a laptop power adapter. The connector is panel mounted on the rear panel, and the various circuit
boards and microcontroller are internally connected via a screw terminal power block. All electrical connections between
the various boards are made with stranded tinned wire (22GA for signal, 16GA for power) and screw terminal blocks. All
electronic components are off-the-shelf except for PCBA which is custom-made but can be easily outsourced for fabri-
cation based on the provided design files.
2.2.3. Housing assembly
The housing provides an enclosure and mounting points for the internal components, as well as the switches and panel

connectors. Shown in Fig. 7 is a 3D CAD image of a housing assembly for a 4-channel mPump.
The six sides of the housing assembly are made of transparent acrylic. The four side walls and top are 1/400 thick, and the

base is 3/800 thick. Eight corner brackets hold the sides, top and base walls together using 8–32 threaded fasteners. Four rub-
ber feet are adhered to the base to provide damping and to avoid sliding on benchtop surfaces. Two handles are installed on
the left and right walls to facilitate handling and transportation.

Two LED indicators on the front panel indicate the status of mPump. Toggle switches (for manually turning on and off the
inlet solenoid valve and each pneumatic actuator) are mounted on the front panel. The toggle switches act as a secondary
safety control, enabling the user to easily and quickly disable any output port. The power push button is a latching switch
for turning mPump on/off. The Arduino Mega and the yellow LED indicator are on as long as a USB cable is connected to a
powered-on PC. The 3-digit LED panel meter displays the inlet air pressure in psi.



Fig. 6. 3D rendering of the electronics assembly.

R.Z. Gao et al. / HardwareX 7 (2020) e00096 7
Two screw terminal power blocks are secured to the rear panel. The power cable from the AC adapter and the USB cable
between the PC and Arduino Mega enter the enclosure through two holes with strain relief fittings. The input tubing and
exhaust of the inlet solenoid valve pass through a slot cut in the rear panel.
2.3. Software and graphical user interface

The open-source software is a key feature of this project, and enables users and developers to (a) use the software as-is to
control mPump, (b) use the source code to integrate mPump within other custom software (e.g. [12]), (c) use the software
structure as a basis to develop other open-source microfluidic tools.

The open-source nature of the project dictates that open-source libraries are used to build the software. Hence, the graph-
ical user interface (GUI) is developed using the Qt library, and the controller used is the ubiquitous Arduino. The availability
of the source code not only allows the user to customize the software superficially by changing the size and format of but-
tons, window sizes and color scheme, but also allows the user to tailor the back-end functions such as serial communication,
pressure update logic, additional connections to pumps, etc., to meet their specific needs.

The software is designed in a modular fashion by leveraging the object-oriented nature of C++. Thus, the different building
blocks of the software are encapsulated and more or less self-contained. The modularity allows a plug-and-play approach to
be combined with other open-source software or the software to be further developed for user-specific requirements. Fur-
thermore, the configuration class definition can be modified to change other features such as the pin numbers, sensor type,
and actuator type, as described in the software architecture overview document provided in the supplementary information.
2.4. Types of application

mPump is designed to provide pressure-driven flow for applications within the realm of microfluidics. However, it could
also be used in a variety of fields involving precise pressure control, such as:

� Droplet microfluidics
� Single-phase microfluidics
� Soft robotics
� Pneumatics
� Pressurized chambers



Fig. 7. 3D rendering of the housing assembly.
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2.5. Open source advantages and cautions

mPump has four main advantages over commercial systems such as Fluigent, Elveflow, and Dolomite:

� Comparable performance but at much lower cost
� The ability to edit and upgrade the GUI and the control software provides the user with capabilities that traditional soft-
ware development kit (SDK) provided by commercial systems does not

� Components can be added or substituted to tailor performance or cost to the application
� Readily integrated with other systems to make custom devices

The cost of an eight-channel commercial system is typically about three times that of an eight-channel mPump. Similarly,
the cost of a four-channel commercial system is typically four times that of a four-channel mPump. The cost of a one-channel
mPump is approximately $1,500 USD, and each additional channel costs approximately $500 USD more (i.e. an eight-channel
mPump costs approximately $5,000 USD). Table 3 shows a comparison of the two most important performance characteris-
tics; details of this comparison are provided in Section 7. Validation and characterization. For microfluidics applications,
the small differences in pressure accuracy and precision between mPump and high-end commercial systems are negligible
in practice as the fluid inside microchannels damps out the variations; for further information, please refer to section 7. Val-
idation and characterization.

mPump’s software and GUI are programmed in C++ and give the user the ability to tailor the operation and interface of the
system. Commercial systems’ SDKs typically only give the user relatively high-level function and user instructions with very
limited information about the pump details, and minimal flexibility for the user to make changes. Active feedback-controlled



Table 3
Performance benchmark between mPump and high-end commercial system.

mPump (0–2 bar) Fluigent MFCS-EZ (0–2 bar) Description

Bias (% of full span) 0.09 0.08 1 standard deviation from set pressure.
Precision (% of full span) 0.02 0.01 1 standard deviation from mean steady state pressure
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droplet microfluidics benefits greatly from mPump’s C++ coding due to its versatility, optimization and fine-tuning
capabilities.

The heart of mPump is the electronic pressure actuator (EPA). While there are several manufacturers of such devices, we
used a ControlAir T900-CIM in the prototype mPump. EPAs typically accept either a voltage (0–5 V, 0–10 V) or current (4–
20 mA) input, and internally regulate the output pressure as a linear function of the input signal. The prototype mPump con-
trol board provides a nominally 0–5 V signal for each EPA, although this could readily be converted to a different range or
current using an auxiliary circuit board.

Although many suppliers of pressure pump system within the microfluidic research market offer ‘‘original equipment
manufacturer” (OEM) options for their pressure pump, they are still limited by the ‘‘black box” problem, meaning that much
if not all of the software must be programmed through the suppliers’ SDK. Whereas mPump is programmed in C++ and under
open source license; hence, the user can integrate mPump with their device or equipment with no restrictions. For instance,
AES Life Sciences, a maker of microfluidics enabled protein separation instrument, is currently replacing their syringe pump
with mPump for lower cost, higher precision and stability.

2.6. Hardware summary

� mPump is made up of three sub-assemblies: the pneumatics assembly, the electronics assembly, and the housing
assembly.

� The software is C++ based. The GUI is coded using Qt.
� mPump is intended for use in droplet and single-phase microfluidics; however, it can also be used outside of the field of
microfluidics, for instance, soft robotics and pneumatics.

� mPump’s open-source advantages over commercial systems are lower cost with comparable performance, offering flexi-
bility to the user to make changes (not a black box), true modularity, and potential for being integrated with any system.

� The user must be ready and prepared to make a mPump as it does take time, and must be prepared to maintain it and fix it
if necessary.

3. Design files

Table 4 provides a summary of the design files, all of which are available with the article and under the GNU General Pub-
lic License (GPL) for open-source distribution and usage.

3.1. Design files summary
Table 4
Design file summary.

Design filename File type Location of the file

uPump pneumatics assembly build guide.pdf Portable Document Format (PDF) available with the article
uPump electronics assembly build guide.pdf Portable Document Format (PDF) available with the article
uPump housing assembly build guide.pdf Portable Document Format (PDF) available with the article
uPump bill of materials.xlsx Excel Workbook available with the article
uPump SOP.pdf Portable Document Format (PDF) available with the article
uPump model.SLDASM SolidWorks assembly file available with the article
uPump pneumatics.SLDASM SolidWorks assembly file available with the article
uPump electrical.brd Autodesk EAGLE PCB board file available with the article
uPump electrical.sch Autodesk EAGLE PCB schematic file available with the article
uPump_PC.exe Executable file available with the article
uPump_Arduino.ino Arduino IDE file available with the article
uPump_Arduino_testMode.ino Arduino IDE file available with the article
uPump software Folder available with the article
Software architecture overview.pdf Portable Document Format (PDF) available with the article
uPump PCB fabrication Folder available with the article
uPump housing wall fabrication Folder available with the article
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3.2. Description of the design files

Below are the descriptions of each design file outlining its purpose and relevance to mPump. For the pneumatics and elec-
tronics assemblies, the files are prepared for building an 8-channel mPump, which would be helpful to the users with limited
experiences in pneumatics and electronics. For the housing assembly, the files are prepared for building a 4-channel mPump,
which is the one physically built and tested in this study, as shown in Fig. 4b. It can be easily expanded to accommodate an 8-
channel mPump with slight modifications such as increasing the size of the housing and doubling the number of holes for
hosting the increased number of switches.

3.2.1. Build instructions
uPump pneumatics assembly build guide.pdf documents the step-by-step build guide for an 8-channel mPump pneu-

matic assembly.
uPump electronics assembly build guide.pdf documents the step-by-step build guide for an 8-channel mPump electronics

assembly.
uPump housing assembly build guide.pdf documents the step-by-step build guide for a 4-channel mPump housing

assembly.
uPump bill of materials.xlsx is an interactive bill of material that shows all the components and associated information

such as costs, quantities, and vendors for making various versions of mPump.

3.2.2. Drawings, schematics and 3D CAD models
uPump model.SLDASM is the 3D CADmodel of a complete 4-channel mPump with housing. uPumpmodel.SLDASM can be

found inside the uPump model.zip folder and accessed once all the files are extracted from uPump model.zip. It must be
noted that all the files must be contained in one folder for uPump model.SLDASM to open correctly. The model contains
all the components from the pneumatic actuators to the nuts and bolts. It can be used for multiple purposes such as a ref-
erence for measuring wire and cable lengths, a visual reference while assembling mPump, and for modifications to achieve a
different mPump variation (e.g. an 8-channel system by stacking four more pneumatic actuators on top of the existing actu-
ators), or making the box bigger or smaller for accommodating various number or a different model of pneumatic actuators.
It must be noted that the CAD model can only be opened by SolidWorks 2018 or later.

uPump pneumatics.SLDASM is the 3D CAD model of an 8-channel mPump’s pneumatics assembly. uPump pneumatics.
SLDASM can be found inside uPump pneumatics.zip and accessed once all the files are extracted from uPump pneumat-
ics.zip. It must be noted that all the files must be contained in one folder for uPump pneumatics.SLDASM to open correctly.
The pneumatics assembly 3D model can be used while assembling the pneumatics system as a visual reference, and mod-
ifications to achieve a different mPump variation. It must be noted that the model can only be opened by SolidWorks 2018 or
later.

uPump electrical.brd and uPump electrical.sch are both Autodesk EAGLE files and are linked, meaning that changes made
to one are automatically updated on the other. uPump electrical.brd is the 2D CAD design file of mPump’s printed circuit
board (PCB). uPump electrical.sch is the electrical schematic design file of mPump’s printed circuit board. The primary func-
tion of these files is for the user to modify and design their tailored PCB. The EAGLE files can export all the files required for
standard PCB fabrication. uPump electrical.brd and uPump electrical.sch are located in the folder named uPump electrical.

Please note that SolidWorks and Autodesk Eagle are not free and are not open source software, although student and edu-
cation licenses are available for both. There are also various online tutorials that may be helpful.

SolidWorks: https://www.solidworks.com/

Autodesk Eagle: https://www.autodesk.com/products/eagle/overview

3.2.3. Software and GUI
uPump_PC.exe opens the graphical user interface (GUI) on the user’s PC. The GUI allows the user to connect to mPump via

a USB cable, change the parameters of mPump, control each channel of mPump, save the outlet pressure information, and view
the outlet pressure information in real-time via digital seven-segment display or plot. Under the same folder for uPump_PC.
exe, a few other files exist, which are the dynamic-link libraries that must be in the same folder as uPump_PC.exe to function
correctly.

uPump_Arduino.ino is the control software code that is directly uploaded onto Arduino Mega and saved in its memory.
uPump_Arduino.ino allows the Arduino Mega to control and interact with all mPump’s active components, as well as com-
municate with the GUI. uPump_Arduino.ino is programmed in C++ with many Arduino specific libraries that simplify pro-
gramming for Arduino microcontrollers and compiled in the Arduino IDE, which is a free and open-source software. The
folder which contains uPump_Arduino.ino also contains other files that are the libraries for uPump_Arduino.ino and must
be included within the same folder as uPump_Arduino.ino to function correctly.

uPump_Arduino_testMode.ino allows the user to test the Arduino connected to the PC without using the actual system.
uPump software folder contains the files that can create and modify uPump_PC.exe, which is coded in C++. One of the

files is uPump_PC.sln, a solution file that opens in Microsoft Visual Studio. By opening uPump_PC.sln, all the subfiles within
the uPump software folder also open in Microsoft Visual Studio. Moreover, Qt, a UI creating software framework, must be

https://www.solidworks.com/
https://www.autodesk.com/products/eagle/overview
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added to Microsoft Visual Studio. Please refer to Software architecture overview.pdf for the complete information on how
uPump_PC.sln works to produce uPump_PC.exe. Note that Microsoft Visual Studio is not free and must be purchased. Qt has
an open-source option, which is under the (L)GPL v3 License. There are also various online tutorials that may be helpful.

Arduino IDE: https://www.arduino.cc/en/main/software

Microsoft Visual Studio: https://visualstudio.microsoft.com/vs/

Qt add-on for Microsoft Visual Studio: https://doc.qt.io/qtvstools/qtvstools-getting-started.html

Qt Framework: https://www.qt.io/download

3.2.4. Operation instructions
uPump SOP.pdf documents a complete set of step-by-step instructions on how to use mPump, including the instructions

to download all the required software and drivers, pre-usage testing to verify that all connections, both electrical and pneu-
matics, are correctly made, maintenance and safe operation of mPump, as well as standard operating procedures.

3.2.5. Outsourced fabrication
uPump PCB fabrication folder contains the files required to produce the printed circuit board (PCB) for mPump.

3.2.6. Machined parts
uPump housing wall fabrication folder contains the drawing files needed to create the housing walls for mPump.

4. Bill of materials

The bill of materials for mPump is interactive; below is a demonstration of what it can do and how to use it. Upon opening
uPump bill of materials.xlsx, the user will be greeted by the bill of materials right away and be presented with a few options.
Please refer to Fig. 8 while going through the list below, each number corresponds to the number in Fig. 8, and the red box
beside shows the item being discussed:

1. The user can click the ‘‘100 button on the top left corner to minimize each subsection (i.e. electronics Assembly, Pneumatics
Assembly, Housing Assembly, and Assembly Tools), or click the ‘‘2” button to expand all the subsections.

2. The section for the main parameters allows the user to choose different parameters. For example, the number of channels
and the number of maximum 1 bar pressure channels. The number of maximum 2 bar pressure channels will update
automatically. The vendor for the pneumatic fittings and the choices for having the housing and assembly tools can also
be made. The drop-down lists for the parameters are made with the Data Validation function under the Data tab in Excel.
The options for each parameter can be found and changed from cell P14 to V23; for instance, the currency conversion rate
can be changed to account for fluctuations.

3. The current total cost, as well as the breakdown of each subsection, are displayed in US dollars; however, the user is
allowed to choose a particular currency. All cost values are automatically generated based on the exchange rate, which
can be updated in parameter selection.

4. This subsection shows what each column is, and the arrow beside each cell opens up a window that allows the user to
hide/show any value for that particular column. This is particularly useful for filtering out specific vendors, and any com-
ponents that are zero for a specific build of a mPump.

5. This is the subsections for each assembly and assembly tools. The button with +/- sign to the left of each subsection can
expand or minimize each subsection.

6. This is an example of the expanded subsection. The component column displays the name of each component. The vendor
column shows the online seller for each component. The supplier column shows the maker of each component. The ven-
dor number is the number of each component that is displayed on their respective vendor’s website, which can also be
used to search for each component. Also, the vendor numbers are the links that can be clicked to go directly to the web-
page of each component. The quantities of each component are automatically generated based on the parameters. The
extra column allows the user to put down a few extras for particular components. It is recommended that the user always
purchase a few spare parts for the cheaper large quantity components such as the capacitors. The cost/unit (USD) column
displays the cost per unit in U.S. dollars for each component. The column to the right of cost/unit (USD) column shows the
per-unit-cost of each component in the currency selected in the parameters section. The subtotal column displays the
cost of the total quantity, including the extras for each component. The Universal Part Number (UPN) column displays
the unique part number given to every component that is used to identify that part in all documents. The description
column shows a concise description of each component. Please note that all underlying calculations for each cell can
be modified based on the user’s needs.

https://www.arduino.cc/en/main/software
https://visualstudio.microsoft.com/vs/
https://doc.qt.io/qtvstools/qtvstools-getting-started.html
https://www.qt.io/download


Fig. 8. Tutorial image for interactive bill of materials.
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The way universal part numbers is given to each component are listed below:

- Every component begins with ‘‘E,” ‘‘P,” ‘‘H,” or ‘‘T.” The ‘‘E” stands for electronics, and is given to every component in the
Electronics Assembly, the ‘‘P” stands for pneumatics and is given to every component in the Pneumatics Assembly, the
‘‘H” stands for housing, and is given to every component in the Housing Assembly, and the ‘‘T” stands for tools and is
given to every component in the Assembly Tools.

- The letter is then followed by a number, and is based on the top-down sequence in the bill of materials.
- Then, it can be either a dot ‘‘.”, an underscore ‘‘_”, a hyphen ‘‘-‘‘, or nothing. The dot is used when there is an equivalent
replacement available. The underscore is used if there are subcomponents to the main component. The hyphen is used
when more than one unit is required. A passive component or tool will not be followed by any number.

- If a number is followed by a dot, then it represents a specific option for that particular component. If a number is followed
by an underscore, it represents a subcomponent. If a number is followed by a hyphen, then it represents a specific part of
a multiple quantity component.

- Following this number, a hyphen and a number could exist to represent a particular connection or port for a specific
component.
Examples. E1-A0: Arduino Mega port A0;
E2_2-1-3: the third connection of the first 4-position board terminal block for the motherboard PCB;

E4.1: 1 bar output pressure sensor, the first option for output pressure sensors;

220 Ohm: 220 Ohm resistor;

H1_3: washers to secure H1, which is the bottom corner brackets.

5. Build instructions

This mPump consists of three assemblies, namely pneumatics, electronics, and housing. Please refer to uPump pneumatics
assembly build guide.pdf, uPump electronics assembly build guide.pdf, and uPump housing assembly build guide.pdf, for a
step by step build guide for all three assemblies, respectively. Please refer to Build Guide Tutorial.pdf in the supplementary
for an in-depth description of how to use each of the assembly build guides.

5.1. Build sequence

1. It is recommended to solder the required components onto the PCB board first. Please refer to the PCBA build guide sec-
tion of uPump electronics assembly build guide.pdf.

2. The next step is to build the pneumatics assembly, as it will help with positioning all the components. Please refer to
uPump pneumatics assembly build guide.pdf.

3. The following step is to build the electronics assembly; there is no need to disassemble the pneumatics assembly, merely
add the electronics assembly onto the previously completed pneumatic assembly. Please refer to the electrical connec-
tions build guide section of uPump electronics assembly build guide.pdf. The user can use the 3D CAD models to approx-
imate the length of the wires. It is recommended that the user cut the wires longer than the approximations, and trim or
cable tie the wires once the housing assembly is complete.

4. It is recommended that the user test the completed pneumatic and electronics assemblies with the GUI and software
before building the housing assembly.

5. The last step is to build the housing assembly. There is no need to disassemble the pneumatics and electronics assemblies.
Only disconnect the wires and tubing as needed to facilitate building the housing assembly. Please note that the walls of
the housing assembly can be machined, milled or laser cut.

5.2. Safety during the build

Sharp tools such as scissors, wire cutters and wire strippers will be used. Therefore, precaution must be taken to avoid
injury due to sharp tools. Also, appropriate safety precautions must be taken when fabricating the walls of the housing
assembly, whether that be machining, milling, or laser cutting. For PCBA soldering, please practice using the various online
tutorials or allow a person who is experienced to conduct the soldering. Safety glasses, laboratory gloves as well as closed-
toe shoes are recommended for building a mPump.

6. Operation instructions

Operating mPump is intuitive and straightforward. Please refer to uPump operating instructions.pdf for a complete guide
on testing, using, and maintaining it. Please also refer to the vendor or manufacturer’s websites for specification sheets via
the link provided in the bill of materials for more detailed information on individual components.
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6.1. Hardware operation overview

Please refer to Fig. 9 while reading the following descriptions. The back wall of the housing assembly has three ports, one
for electrical power from the AC/DC adapter, one for air pressure from an external air pressure regulator, and one for USB
connection from the user’s PC. The user has the option to leave all three ports connected if mPump is in a location for an
extended period, or the user can connect/disconnect all three ports before/after using mPump. The rocker switch on the back
is the master switch for power, it can be left on at all times, but must be turned off during transportation and maintenance of
mPump as well as any time the top wall is removed.

The front wall of the housing assembly consists of a latching button for power, a toggle switch for turning on and off the
inlet pneumatic solenoid valve, a series of toggle switches matching the number of pneumatic actuators, two LED indicators
and a digital process meter that indicates the inlet pressure.

It is recommended to always turn on the software GUI and connect to the PC before turning on the hardware. After mPump
establishes a connection with the PC through the GUI, the user can click the power button to turn on the power. The built-in
LED light in the power button will light up; the inlet process meter should also turn on, and after stabilizing, it should display
‘‘000 or very near ‘‘0” and the yellow LED is turned on and becomes solid. Then it is time to toggle on the solenoid valve and
stabilize the inlet pressure to anywhere between 41 and 69 PSI, which is the required input pressure for the pneumatic actu-
ators to function correctly. Other pneumatic actuator models may need different input pressure. Please note that both LED
indicators will flash back and forth after the inlet pressure is above 10 PSI, but not within the required pressure range. Once
the green LED indicator turns on and becomes stable, the system is ready to go (i.e. the input pressure is correct, the software
and hardware function normally). At this point, the user can toggle on the actuators to begin using mPump. A solid yellow
LED indicator means that the system is powered off, or the inlet pressure is lower than 10 PSI. Please make sure the outlet
tubing is connected and secure before increasing the inlet pressure via the GUI.

6.2. Software operation overview

Please refer to Fig. 10 while reading the following descriptions. Please copy and paste the entire folder containing
uPump_PC.exe to the desired location on the user’s PC. Please do not remove any files, which are critical for the proper oper-
ation of uPump_PC.exe, from the folder. Double right-clicking uPump_PC.exewill open the GUI main window; the command
window prompt is not required for operation and provides additional debugging feedback. The command window can be
minimized to keep out of view.

In the main window, clicking ‘‘Setup” brings up a window where the user can select the COM port, the number of pump
outputs, and maximum pressure [1 to 10 000 (mbar)]. The ‘‘Initialize” button will input all the parameters into the software,
hide the setup window and open the control window. In the control window, the user can connect to mPump, activate/pause
communication with mPump, view the outlet pressure supplied to each fluidic channel in real-time, independently control
the outlet pressure for each fluidic channel, see the outlet pressure and record the outlet pressure for every channel in ‘‘.csv”
file format. Left-clicking the ‘‘plotter” button in the main window opens a real-time plot window that shows the set pressure
and actual pressure in each selected channel.

It is recommended to first zero all the outputs before closing the system. The user can close the control window directly
or by pressing the ‘‘Disconnect” button. The program can be safely exited by using the ‘‘exit” button of the main window or
the ‘‘x” of the main window bar.

6.3. Operation safety and maintenance

When using mPump, it is critical to fully enclose the internal components, meaning that the top wall that is magnetically
attached to the rest of the housing assembly must be on. This precaution is to ensure that the user is protected from the
electrical components. Also, the user must make sure that all the tubing, both internal and external, are securely attached.
This precaution is to protect the user as well as the internal equipment from pressure leakages and sudden pressure jumps.

The maintenance of mPump can only be conducted with the main power on the back wall of the housing assembly being
switched off. To test the Arduino to PC connections, the user simply connects the USB cable and uses uPump_Arduino_test-
Mode.ino. Over time, some connections, especially the pin electrical connections, might become loose due to transportation
and vibration. Therefore, it is recommended to check all the electrical connections if something goes wrong.

Over time, the digital process meter that displays the inlet air pressure, as well as the pneumatic actuators, might become
less accurate due to longterm signal drift. Therefore, it is recommended that the user calibrate the digital process meter as
well as the pneumatic actuators if accuracy becomes a problem. Lastly, individual malfunctioning components can be
replaced if necessary.
7. Validation and characterization

A 4-channel mPump built for University of Waterloo Microfluidic Laboratory is being used for various applications and
studies. In one application it is being used as a standalone system for a study in continuous flow electrophoresis using



Fig. 9. Hardware operations image for (A) front wall and (b) back wall.
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microchannels and pressure-driven flow for control. Another fundamental study in active-controlled droplet microfluidics
uses mPump as an embedded system as part of a feedback control system [13]. Lastly, AES Life Sciences, a company focused
on protein characterization and analysis solutions is using a two-channel mPump as an embedded system for various tests
and applications.

As seen by the various applications mentioned above, the performance of mPump is vital for many microfluidics applica-
tions. Below is a full performance characterization of the 4-channel mPump using a high-end commercial system as a
benchmark.



Fig. 10. Software operations image.
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7.1. Methodology

Two tests were performed. The first test is to benchmark mPump against a high-end commercial pump, Fluigent MFCS-EZ
(0–2 bar), regarding performance under load, meaning that a real microfluidic chip and laboratory experimental setup is
used. The second test is to validate mPump performance in droplet microfluidic applications. All testing is done in an indoor
laboratory environment with the temperature at a constant 22 �C and a constant humidity of 45% for the entire duration of
the testing period.



R.Z. Gao et al. / HardwareX 7 (2020) e00096 17
7.1.1. Performance characterization setup
Three sets of identical tests conducted on different days are used to compare mPump and Fluigent MFCS-EZ pump. Each

set of the test consisted of testing the response time, hysteresis and long term stability for both pneumatic pressure and
pressure-driven flow. The testing setup is shown in Fig. 11. An external high precision pneumatic pressure sensor (TE Con-
nectivity U5300) and an external high precision liquid flow sensor (Sensirion SLG1430) are used to measure the pneumatic
pressure and pressure-driven flow rate. The high precision liquid flow sensor is calibrated for 20 cSt silicone oil using a high
precision syringe pump (Harvard Apparatus Model 33) with a 1 ml syringe (BD 309628).

A simple T junction microfluidic chip made out of Polydimethylsiloxane (PDMS) via soft lithography technology (Fig. 12)
is used to test the pressure-driven flow performance. Silicone oil with a viscosity of 20 cSt (25 �C) (Sigma-Aldrich 63148–62-
9) is used as the single-phase fluid for testing. The PDMS is thermally treated on a 95 �C hotplate for three days before testing,
which renders its surface to be hydrophobic for wetting the silicon oil. A single microfluidic chip is used for all the perfor-
mance tests. After each day of testing, the microfluidic chip is cleaned by flushing the channels with isopropyl alcohol, then
blow-dried, and placed on a 95 �C hotplate for at least 12 hours before the next set of tests.

During testing, mPump or Fluigent MFCS-EZ pump pressurizes the liquid reservoir containing the silicone oil via an air
tubing. Under pressure, the silicone oil traverses a plastic tubing to reach the high precision liquid flow sensor, then into
the microfluidic chip and out into the output container. The high precision pneumatic pressure sensor is connected with
the liquid reservoir on the air tubing side. All the external sensors and the two pneumatic pumps interface with the PC dur-
ing the entire testing period.

7.1.2. Droplet microfluidic validation setup
Three sets of tests, each on a different day, are used to quantify the quality of droplet formation in the squeezing regime

where the capillary number, a dimensionless ratio of viscous force versus interfacial tension force, is less than 0.002
(Ca < 0.002). For more detailed information about droplet formation regimes, readers are referred to an excellent article
by Christopher et al. [16]. The droplet volume is a good indication for droplet microfluidic system performance and consis-
tency. Therefore, the goal of this validation test is to determine whether the mPump can achieve similar performance for dro-
plet volume consistency compared to that achieved by the Fluigent MFCS-EZ pump under the same settings. The secondary
objective is to compare with the previously published dataset [17] to further validate the consistency of pressure-driven flow
using two different models. Two chips of the same design (Fig. 13) are used, one used for two sets of tests, while the other is
used for one set of tests. The cross-flow configuration is used for droplet generation, as shown in Fig. 13.

Stable droplet formation requires the carrier fluid to preferably wet the PDMS chips. For water-in-oil droplet formation,
PDMS chips should be superhydrophobic to wet the carrier fluid, oil. PDMS is hydrophobic by nature; however, it requires
surface treatment to be superhydrophobic. A surface treatment technique has been developed in-house to ensure the contact
angle to be as high as 170�. Briefly, the microfluidic chip is baked on a hot plate at 95 �C for three days to make it highly
hydrophobic before testing. During the testing, no wetting issues were observed for making water-in-oil droplets. Before
testing, the whole chip is primed with 20 cSt silicone oil for 1 h. Two high precision liquid flow sensors are used: one for
measuring the carrier fluid (oil) and the other for measuring the droplet fluid (water). Please refer to Fig. 14 for an image
of the setup. A microscope, Nikon Ti-E coupled with Zyla 5.5 sCMOS camera from Andor, is used to visualize the droplets
and capture images; image processing determines the top-down area and the tip-to-tip length of the droplets to calculate
droplet volume. Please refer to Image processing.pdf in the supplementary for an in-depth description of the image process-
ing steps.

Moreover, the hydraulic resistance is approximated for the entire system including the inlet liquid tubing, liquid flow sen-
sor, microfluidic chip, and the outlet liquid tubing by using the gauge pressure difference between the output pressure sen-
sor in mPump and atmosphere, and the reading on the high precision liquid flow sensor. Seven different pressure settings
(100 mbar to 700 mbar with 100 mbar increments) are used to induce various flow rates while satisfying the squeezing
regime criterion (Ca < 0.002). The inlet and outlet liquid tubing and flow sensors’ internal capillary all have known circular
cross-section and length dimensions; their hydraulic resistance is calculated using Eq. (3) [18], then subtracted from the
total hydraulic resistance calculated from Eq. (2) to get the microchannel hydraulic resistance by itself. The average
microchannel hydraulic resistance is then used to back-calculate the channel height based on Eq. (2). Lastly, the droplet vol-
ume is calculated using Eq. (4) [19].
Rhyd ¼ P
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where Rhyd is the hydraulic resistance ½ kg
m4 �s�, l is the dynamic viscosity ½ kgm�s�, L is the length of the rectangular fluid channel ½m�,

w is the height of the rectangular fluid channel ½m�, and h is the height of the rectangular fluid channel ½m�.



Fig. 11. Performance characterization setup.

Fig. 12. Schematic of the microfluidic chip used for performance characterization.
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where Vd is the droplet volume ½m3�, hm is the height of the droplet ½m�, Ad is the 2-D top-view area of the droplet ½m2�, and ld
is the 2-D top-view perimeter of the droplet ½m�.

7.2. Pressure-driven flow performance

Pressure response, flow response, hysteresis and stability are the parameters used to compare the performance of mPump
and Fluigent MFCS-EZ pump, which are both a four output channel system. Only the results for one channel is shown below,
as each channel exhibits nearly identical performances. The pressure and flow step responses for mPump exhibit more oscil-



Fig. 13. Schematic of the chip used for droplet microfluidics validation.
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lations and overshoot than Fluigent MFCS-EZ pump, as seen in Fig. 15. The pressure and flow hysteresis for mPump are better
than that of Fluigent MFCS-EZ pump as shown in Fig. 16. The pressure stability for mPump is worse than that of Fluigent
MFCS-EZ pump as seen in Fig. 17a. However, the flow stability as seen in Fig. 17b, when the liquid (20 cSt silicone oil) is
pushed inside the microchannels is practically identical. The input pressure to mPump is set to a constant 60 psi, which is
in the accepted range of 40–70 psi for the pressure actuators, while the input pressure to Fluigent MFCS-EZ pump is set
to a constant 2.3 bar per manufacturer specification.

The control algorithm of the pneumatic actuator and the quality of its electrical input signal are potential reasons for the
pressure oscillations, overshoot, and instability exhibited by mPump. In the context of electrical signals, ‘‘quality” is defined
as the signal to noise ratio (SNR) of the analog signal. Sources of low- and high-frequency noise include but are not limited
to: electromagnetic interferences, wire and connection imperfections, and component cross-talk. Nevertheless, the liquid
flow stability is more representative of the real-world performance, and mPump performs nearly identically to Fluigent
MFCS-EZ. The difference between the fluid flow and pressure output performance attributes to the viscous damping effects
occurring both in the deformable air tubing and the microchannels. Hence, the performance criteria for the open-source sys-
tem are satisfied as the performance is on par with the premium commercial system. Potential improvements to increase the
SNR to reduce oscillations and increase stability include: shielding the PCBA from electromagnetic interference, finding bet-
ter analog filter cutoff frequencies to further attenuate the noises while preserving signals, and redesigning the PCBA to bet-
ter separate the digital IC chips and the analog IC chips along with better insulation of analog electrical signal traces from the
digital electrical signal traces.
7.3. Droplet validation

The performance of a pressure pump can be characterized by the consistency of droplet formation in a microfluidic chip
where the fluids are driven by the pressure pump. It has been found that under certain operating conditions, the generated
droplet volume has a linear relationship with the flow rate ratio between the droplet fluid and carrier fluid, as seen in Fig. 18.
The y-axis is the dimensionless droplet volume (V�

dexp) defined as the volume of a droplet over the height of the channel times
the square of the channel width of the carrier fluid, and the x-axis is the flow rate ratio (uexp). Fig. 18a shows the published
experimental data [17], where the Fluigent MFCS-EZ pump was used, and Fig. 18b shows the experimental data obtained
using both the Fluigent MFCS-EZ pump and the 4-channel mPump presented here. A prior published study is chosen for com-
parison for the droplet validation to prove the repeatability of generating droplets using a high precision fluid control sys-
tem. Fig. 18a is chosen due to the fact that it is in the same droplet squeezing regime (Ca < 0.002), using the same carrier fluid
(20 cSt silicone oil), the same droplet fluid (water), the same type of T-junction microfluidic chip (expanded upon below) and
material (PDMS), and conducted using the same Fluigent MFCS-EZ pump as the current testing setup, allowing for standard-
ized comparison and benchmark across droplet microfluidic system for the purpose of real-world droplet microfluidics per-
formance comparison between mPump and Fluigent MFCs-EZ.

It is noted that the data represented by the squares, (h), in Fig. 18a are comparable to that presented in Fig. 18b because
of their similar geometric conditions. Specifically, the aspect ratio (channel height to width) and width ratio (width ratio of
the droplet fluid channel to carrier fluid channel) are 0.4 and 1, respectively, in Fig. 18a, and 0.5 and 1, respectively, in
Fig. 18b. Very similar linear relationships between the droplet volume and the flow rate ratio are observed in Fig. 18a
and b, which validates the overall performance of mPump. There are day-to-day as well as chip-to-chip variations as shown
in Fig. 18b. This is mainly due to the inevitable, slight differences between different batches of chip fabrication and varying



Fig. 14. Droplet microfluidics validation setup photo image.
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extent of oil absorption by PDMS chips. Also, slight differences are often observed between different PDMS chips for their
reaction to the heating treatment that is developed to ensure surface wettability. Stable droplet formation requires the drop
fluid and carrier fluid to preferably wet the PDMS chip with a contact angle above 135�. A heating technique has been devel-
oped for surface treatment, which however often results in slightly different wettability due to environmental conditions
such as room temperature and humidity [20]. The differences between Fluigent MFCS-EZ pump and our mPump are minimal.
Fig. 19 shows an example of the droplets produced by our mPump. Please refer to Table 5 for mPump’s specifications.
7.4. Specification and limitations

Below is a list of limitations of mPump:

- The pneumatic actuators have an integrated feedback controller; hence, the user does not have control over the control
algorithm.

- The pressure stability is slightly worse than the benchmarked high-end commercial system, Fluigent MFCS-EZ, which
could be more significant for microchannel gaseous flow applications.

- The user needs to become familiar with the system and build it. Afterwards, they must personally maintain mPump.
- Changes to the GUI or any part of the software require coding skills.



Fig. 15. Pressure (a) and flow (c) step response under load for Fluigent MFCS-EZ, and pressure (b) and flow (d) step response under load for mPump.

Fig. 16. Pressure (a) and flow (c) hysteresis under load for Fluigent MFCS-EZ, and pressure (b) and flow (d) hysteresis under load for mPump.
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If the user desires to have control over the control algorithm, the authors suggest changing the pressure actuator from the
ControlAir to another option that allows tuning of the control algorithm, for example, this open-source pressure regulator
[11]. For microchannel gaseous flow applications, a flow damper could be implemented to increase pressure stability, which



Fig. 17. Pressure (a) and flow (b) stability under load for mPump and Fluigent MFCS-EZ. The pressure stability (a) plot has a y-axis scale of 1 mbar per grid
line and the flow stability (b) plot has a y-axis scale of 0.1 ml/min per grid line.

Fig. 18. Dimensionless droplet volume vs. flow rate ratio of published data (a) [15] and mPump and Fluigent MFCS-EZ (b).

Fig. 19. Photo image of droplets produced by mPump.

Table 5
mPump specifications.

Parameter Value Description

Pressure accuracy (% of full span) 0.09 1 standard deviation
Pressure stability (% of full span) 0.02 1 standard deviation
Pressure resolution (% of full span) 0.02 12 bit DAC gives a resolution of 4096 levels
Settling time (seconds) <2 Time to reach max pressure from zero and stabilize. Output volume dependent.
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would somewhat restrict flow rate depending on the size of the flow damper, but the flow rate provided by the pressure
actuators should be sufficient for most microchannel gaseous flow applications. Maintaining mPump is fairly straight for-
ward; the most common problem that occurs is an electrical connection or pneumatic fitting getting loose during transporta-
tion of mPump, which should be readily fixable. If the user desires to change the GUI or any part of the open-source software,
please refer to the numerous online resources that teach coding in Qt and Arduino, which are the framework for the GUI, and
Arduino microcontroller, respectively.
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