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Abstract - Due to the high cost and complexity of
instrumentation in droplet microfluidics, droplet generation
has been limited to a small subset of the scientific
community. In addition, scientific value is not in droplet
generation, but rather in monodisperse microreactor
environments created in droplets. To reduce the complexity
of droplet generation, we designed a low-cost (~250 €),
portable, dual-channel microfluidic pressure pump. In
contrast with commonly used syringe pumps, our pump
could control both phases in a two-phase flow
simultaneously and pump continuously without refilling.
Furthermore, it had wireless remote control and was
battery-powered for portability. The pump was controlled
through a dual core ESP32 DevKitC board, which enabled
concurrent management of wireless access and flow control.
Pressure setpoints could be configured remotely via Wi-Fi
using a web browser based graphical user interface. Lowpulsation, continuous flows were produced by piezoelectric
diaphragm pumps and regulated by closed-loop control of
the pressure drop through the microfluidic chip. The pump
could produce flow rates between 10-2050 μl/min for
different liquid viscosities. Powered from its internal 3.7 V,
4 Ah battery, the pump could operate for >10 h at
maximum load.
Keywords – microfluidic; piezoelectric; pressure; pump;
portable; wireless; droplet generation;

I.

INTRODUCTION

Microfluidic droplets are often used in highthroughput applications with up to hundreds of millions of
samples [1]. Each droplet functions as a reaction chamber
with a highly consistent environment. This enables precise
process control and repeatability of reactions. To produce
droplets with minimal size variation, a flow generator
such as a syringe pump or constant pressure source with
pulseless flow characteristics is typically used [1], [2].
Droplet volumes can go down to the picolitre range, thus
flow stability significantly affects droplet size variation.
Since droplets are generated from immiscible liquids, such
as oil and water, two stable flow sources are required. This
makes the infrastructure complex and expensive. Because
of this, alterative flow generators have been sought [3]–
[5]. Reducing the entry barrier can greatly speed up
realization of applications in blood analysis, cancer, and
drug treatment research.
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High flow rate resolution (~0.16 µl/min steps)
commercial laboratory syringe pumps cost several
thousand Euros [6], [7] and offer a wider set of
capabilities than are needed for single experiments.
Medical single channel infusion pumps with a lower flow
rate resolution (>>1.6 µl/min steps) cost ~300 € - 500 €
for dual-channel versions [8], [9]. However, syringe
pumps need to be refilled, reset and re-stabilized, which
disrupts experiments. To overcome this limitation,
peristaltic pumps are often used instead, but they produce
a pulsatile flow that is more difficult to control [10], [11].
Pressure pumps have no such limitations but come at a
much higher cost (3000-15000€) [12]–[14]. A solution,
which has no volume limit and offers a low-pulse flow
profiles is using micropumps based on piezoelectric
diaphragms [15].
An entrance level pump for droplet generation ought
to be simple, minimally dependent on external
infrastructure and enable easy operational monitoring and
debugging. For better portability, it should be batterypowered and for added user comfort it should have
wireless remote-control. The option to control the device
wirelessly also enables use in confined spaces, for
instance under fume hoods in flow chemistry applications.
Furthermore, the ideal droplet generator should be able to
operate as a constant pressure source without the need to
refill. Software support and network communication isn’t
rare for higher-end pumps [16], [17]. For added
portability, commercial medical syringe pumps already
offer battery-powered operation, however, only at device
prices up from 500 €, it’s possible to see operational times
(flow rate 5 ml/min) on battery power reach 8 to 10 hours
[18].
In this work, we propose a compact, portable, dualchannel pressure generator that can fulfill the
aforementioned needs and yet costs significantly less than
previously
demonstrated
systems
with
similar
performance. Compared to the closest existing work, our
solution implements flow control through proportional
integral derivative (PID) control development by pressure
sensors configured in an arrangement that is best suited
for microfluidic droplet generation chips. With the
sensitive relationship between pressure and flow rate of
the used piezoelectric pumps, controlling them through
voltage and frequency alone over different microfluidic
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Figure 1. System overview and communication pathways

chip geometries, setup heights, or liquid densities, can be
erroneous and costly to calibrate. With a PID control loop
set to adjust by requested pressures over a chip, pumping
rates will remain fixed within the maximum capabilities of
the pump regardless of variables in the application setup.
We detail the development process, design considerations
and construction of the experimental device. Finally, we
demonstrate the functionality of the system as a droplet
generator in a proof-of-concept droplet microfluidic tests.
II.

EXPERIMENTAL SETUP AND METHODOLOGY

A. System design overview
Using a commercial low-power IoT (Internet of
Things) device with Wi-Fi, I2C and SPI communication
options, logging sensor data, controlling multiple pumps
and enabling remote GUI (Graphical User Interface)
hosting, a battery powered pumping device has been
designed (Fig. 1). The pumping device will host two
individually drivable piezoelectric (PZT) pumps in order
to control both continuous and disperse flows in droplet
generation. Pumps are controlled using I2C protocol.
There are three pressure sensors in total, where sensors 1
and 2 will measure the output of the PZT pumps 1 and 2
respectively. These pressures represent the inflow
pressures before entering the droplet generation chip.
Sensor 3 measures the pressure at the output of the
microfluidic chip. Sensors are placed in series on an SPI
line with individual Chip Select (CS) lines lead to each
sensor PCB. The IoT device is controlled over Wi-Fi
using a browser-generated web UI that can be accessed
from a PC or smartphone. Aside from custom PCBs, the
device ought to be made from easily available
commercial components to keep the design as simple as
possible. This reduces time of assembly, ensures
commercial quality control, and enables easier repair or
upgrading.
B. Experimental setup
1) Pump and pump control
A piezoelectric liquid pump BT-mp6-liq was selected
from Bartels Mikrotechnik as it satisfies the flow rate and
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Figure 2. Pressure data collection points; PZT Pump 1 represents the
continuous (water) flow source, Pump 2 represents the disperse (oil)
flow source; Liquids flow from the pumps to separate inlets on the
Droplet Generation Chip; Pressures p1.continuous and p2.disperse are
measured from those lines; After the phases merge in the chip, the flow
path continues to the Collector; Pressure value p3.outlet is obtained
from that line.

pulsation frequency and amplitude requirements for the
device. The pump driver BT-mp-Highdriver, a
commercial off-the-shelf (COTS) chip, was also selected
from Bartels Mikrotechnik. Together with these drivers,
the pumps could operate at 50 - 800 Hz switching rate
where the latter half being more suited for gases and
former for liquids. Higher density liquids are moved
better at lowest pumping frequencies. Additional aspects
of the pump drivers were the amplitude range (10 – 250
Vpp) and wave form types (sine/rectangular/trapezoidal).
Inside the BT-mp6-liq pumps there are two
piezoelectrically actuated membranes in series, separated
into volumetrically equal compartments using check
valves. This design makes the pump unidirectional,
offering inherent resistance to backpressure. Power
consumption for a driver-pump pair at average operation
is around 250 mW. BT-mp-Highdriver is controlled
through I2C protocol, giving full access to changing the
frequency, voltage, and wave form.
2) Sensors
Piezoresistive silicon pressure sensor from Honeywell
MPRLF0006KG0000SC was selected, as it offered
reasonable coverage to pressure ranges that we most
often encountered in our tests, high resolution, and autozero calibration option. The sensor has a maximum stated
differential pressure limit of 6 kPa from atmospheric
pressure albeit its tested functional range was between -2
kPa to 8 kPa. While the BT-mp6-liq pump with BT-mpHighdriver is able to build pressures up to 60 kPa, in our
earlier droplet generation tests, it was rare to reach above
6 kPa, influencing our initial sensor pick. These sensors
incorporate an ASIC (Application Specific Integrated
Circuit) capable of 24-bit pressure values, translating into
less than 0.01 Pa resolution. The settled full resolution
could be polled at 5 ms intervals. However, with the
autozero calibration option, the 24-bit resolution is
reduced to 14-bits through an ideal transfer function
which for the chosen model skims 20% off from the
lower and higher ends.
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4) Power management
Battery selection was limited by the battery form
factor, therefore thin lithium polymer (Li-Po) variants
were searched. The pump drivers operate at 5 V, the
processor and sensors operate natively at 3.3 V, whereas
the processor board can also be powered with a 5 V
supply, thus a 5 V external supply was needed. Since LiPo batteries can supply a range of voltages between 3.2
and 4.2 V dependent on ambient temperature and
remaining capacity, an unmarked 4.3 – 27 V step-up
regulator for 3.7 - 4.2 V 18650 Li-ion batteries was
ordered from eBay. An onboard potentiometer enabled
setting the output voltage level to 5 V, which had to be
configured while the battery was only connected to the
regulator as the ordered regulators arrived with
potentiometers in random positions. The regulator had a
micro-USB connector for charging the battery at 4.2 V
with up to 1 A.
The capacity of the battery was chosen according to
the minimum operation duration requirement. With a
total of 500 mW used by two driver-pump pairs, 30 mW
for three sensors and 800 mW for the ESP32-DevKitC
board, leaving the total power required at 1330 mW. For
the average supply voltage of 3.7 V from a Li-Po battery,
the current consumption would be around 360 mA. For

Figure 3. (1) 3D CAD view and (2) 3D printed result of the dualchannel piezoelectric pressure pump.

The pumping device used three sensors as this is a
task-oriented design for droplet generation chips. Polling
three sensors in parallel increased the total interval to
~5.3 ms on average. Droplet generation chips typically
have two inlets, one for continuous and one for disperse
flow, and one outlet for droplet collection. Two sensors
were measuring pressures from points near the inlets of
the chip while the third sensor measured the pressure near
the outlet of the chip (Fig. 2). Between each of the three
pressure measurement points and the chip connections,
equal lengths of 0.5 mm ID PTFE tubing was used. This
sensor setup enabled the measurement of differential
pressures for both flow phases over the chip.
MPRLF0006KG0000SC sensors operate on 3.3 V with a
typical power consumption of 10 mW. The sensor can
communicate using both I2C and SPI protocols. For this
device, SPI was chosen for faster data transfer for a more
responsive PID control.
3) Wi-Fi IoT device
The core intelligence of the device was handled by an
ESP32-DevKitC-32U board by Espressif, which has a
dual-core processor, allowing us to perform sensor and
pump communications separately from handling readings
and commands over Wi-Fi. Since the processor operates
at 3.3 V, 5V supplies (external and via on-board USB)
were regulated on-board to 3.3 V. Typical power
consumption for this development board, with an active
Wi-Fi transmission is estimated to ~800 mW. Since the
sensors operate likewise on 3.3 V and require only
around 3.3 mA of current, the sensors were supplied
through ESP32-DevKitC regulated 3.3 V supply pin.
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Figure 4. (1) 3D CAD view of the pressure sensor enclosure and (2)
3D printed version of the enclosures in a full droplet generation setup
with wires and tubes attached to the sensor PCBs inside the enclosures.
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an estimated 10 hours of continuous operation with some
room for losses on the step-up regulator, a 4 Ah 3.7 V LiPo battery (LP805080, Cellevia Batteries) was chosen.
5) PCBs
A double-layer main PCB (113.01x55.88) facilitated
the processor demo board, pump drivers, pumps, stacked
step-up regulator board and along with a few pull-up
resistors and smoothing capacitors also the connectors for
the battery and mechanical battery disconnection switch.
Pull-up resistors were necessary due to the I2C pins on
the ESP32 DevKitC operating in the active low mode.
The sensor PCB (50.800x34.417) was designed as a
standalone unit, separate from the main PCB. Its design is
minimal, limited only to the sensor, decoupling capacitors
and pins as the selected sensor already houses an internal
amplifier and an analog-to-digital converter. The main
PCB of the pumping device can be hand-soldered and
easily manually assembled but the sensor PCB may
benefit from a stencil or preassembly on order due to the
specific surface mount package of the sensor.

were split such that polling speed sensitive pressure
sensor values and PID loop were kept on one core and
pump driver commands along with web server hosting
was managed on the other core. Pressure sensing and PID
have been set as first priority among cores. Default PID
coefficients in the latest firmware have been set to Kp of
2, Ki and Kd as 0 for both pumps, which are to be
configured through the web app manually as is seen best
for specific application requirements.
Control of the PZT pump drivers was done over I2C
lanes, through the ESP32-DevKitC board IO pins 2
(SDA) and 4 (SCL). Definitions and functions for
communicating with the BT-mp-Highdriver were given
as a fully applicable example code in the driver datasheet.
Pump functions, mainly changing the waveform shape
and frequency, were implemented in the main loop code
in the lower priority core. This was because these
elements of the waveform are not implemented in

6) Enclosures
With the thin Li-Po battery package, the main PCB
was fitted into a 120x60x30 size 3D printed modular
enclosure. Piezoelectric pumps were left outside of the
main box, attached to the top (Fig. 3) to enable quick
replacement and direct access to the inlet and outlet. The
sensor PCBs were fitted into separate 57.8x42.417x19.5
size 3D printed enclosures (Fig. 4). 3D CAD files for the
enclosures are stored online at our project Github
(https://github.com/taltechloc/hw-open-pressure-pump).
Parts were printed using Prusa 3D printers (i3 MK3S or
MINI) with PLA (Polylactic Acid) filament.
7) Firmware
The firmware on the ESP32 microcontroller (MCU) is
housed on a 4 MB SPI flash memory. Overview of the
firmware files is given at our Github. Taking full
advantage over its wireless features, over the air (OTA)
programming has been implemented. For this to function,
the SPI flash has been partitioned into two separate
memories – one to host and operate current firmware and
the other to be vacant for a new uploaded binary file. The
OTA
feature
relies
on
continuous
wireless
communication through hosted web server. This is
achieved using freely available ESPAsyncWebServer,
SPIFFS and AsyncElegantOTA libraries from Github or
downloaded directly through an Arduino IDE. The MCU
can host a web server using ESPAsyncWebServer. The
server acts as a website as it enables downloading of
HTML, CSS, and JavaScript files by the user. With these
options, a graphical user interface was made (Fig. 5). The
web application gives options with which to adjust each
pump separately and multiple settings related to PID
control. Depending on whether PID pressure regulation is
used, the pump can be either set to run at a fixed driving
voltage or set by measured pressure differences. PID
coefficients can be adjusted on the run.
As the MCU is dual-core, peripheral communications
have been split using the FreeRTOS API (Application
Programming
Interface)
function
“xTaskCreatePinnedToCore”. Between cores, the tasks
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Figure 5. Web browser user interface, hosted by the MCU, for
controlling the individual pump voltages, frequencies, waveforms and
adjusting the PID coefficients and pressures targets. In addition to
displaying current settings on the device, pressure and PID values are
continuously updated and logged into the browser console.
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all three pressures were handled in sequence. In this way
it was possible to address pressure values obtained in the
previous cycle in the PID calculations during the
measurement of new values. For faster than web app data
logging, pressure values were also continuously sent to
the serial port of the MCU. Serial data from the microUSB port on the MCU should only be accessed when the
battery power is turned OFF as it may otherwise damage
the on-board voltage regulator on the ESP32-DevKitC
board.
Figure 6. Droplet generation in an oil/water flow focusing microfluidic
chip using the liquid flows produced by the piezoelelectric pump.

automated flow control. Pump frequency is expected to
be relatively fixed to density of the pumped media.
Sensor pressure values were polled using SPI lanes
(MISO, MOSI, CLK) which were set to run at a clock
rate of 800 kHz. Sensors were also tested to be working
well at 1.2 MHz. For each of the three sensors, a chip
select IO pin was defined. Since each sensor required an
acquisition command and had a 5 ms saturation period,

III.

PROOF OF CONCEPT TESTS

Primary test for the pump was to demonstrate droplet
production. The first tests were conducted using a glass
flow focusing microfluidic droplet generation chip. Stable
flow of droplets could be seen (Fig. 6). During this first
test, for pressure sensors, evaluation boards were used
(MPRLS0001PG0000SAB, Honeywell) and the software
was yet unoptimized. All following droplet generation
tests were done using a custom design flow focusing
PDMS-glass
droplet
generation
chip
and
MPRLF0006KG0000SC pressure sensors. The setup
image can be seen on Fig. 4 (2). Before next tests were
ran, a varying 1 to 20 Hz pattern was noted in the
pressure values measured from the water flow channel.
This was considered to be from the pump vibrations
travelling back and forth along the tubing. As the pump
houses two PZT elements in series, actuated 180 degrees
out of phase in the same axis, a rocking motion of the
pump is expected. This effect was more noticeable with
more flexible tubing, lower pressures in the tubes and
lower pumping frequencies (for water). Preliminary PZT
pump driver frequency effect on the pressure stability of
water showed preference to 200 Hz region where the
tested two-point deviation was the lowest, around 3.6%
from the mean (Fig. 7). All continued tests were done
with 200 Hz pump driving frequency for water. For oil,
the vibration effect was unnoticeable in comparison.
Several droplet generation tests were conducted with
and without PID implemented. In all tests, the water
pump driving frequency was kept at 200 Hz and the oil
pump at 50 Hz. With the PID control disabled, the
driving voltage and frequency was fixed. Even if the
main driving settings were kept the same, reasonable
repeatability was not obtained. However, during droplet

Figure 7. Transfer of pump driver frequency into secondary
vibrational flow rate pulsations measured in pressure change. Flow
media was water at room temperature. Pump driving waveform was
sinusoidal, full wave. Two pressure sensors were placed in series after
one pump with an average of 200 mm of 0.5 mm ID PTFE tubing
between the pump and the upstream sensor, between the sensors and
from the downstream sensor to open air.
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Figure 8. Frame image sample from high speed camera of droplets
flowing in a channel of 625 µm width. Droplets generated with PID
control disabled. Droplet generation rate ~30 Hz, mean droplet
crosssection 28517 µm2.
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generation, the flow remained reasonably stable. With 3
different voltage settings for both oil and water pumps,
the droplets generated maintained a coefficient of
variation (CV) of less than 2 %. Droplet measurements
were obtained from high framerate videos taken close to
the outlet of the droplet generation chip. Droplet images
were taken from multiple frames of the video (Fig. 8) and
analyzed using ImageJ software.
To get more reliable control over the resulting droplet
size, repeatability tests were done with the PID enabled
using coefficients for both oil and water pumps as Kp of
0.5, Ki as 0 and Kd as 0.1. Ki was left at zero as with
minor increases, the stabilization was very difficult to
reach. For the PID enabled tests, the pressure data was
logged via USB to capture the PID stabilization period at
high sampling rate. With the PID enabled, pressures and
droplet generation parameters were repeatable, but some
issues were noted as well. First repeatability test had 6
trials of fixed water pressure at 4300 Pa and at 5950 Pa
for oil. The difference between the first and second half
of the 6 was the PID loop delay. With an additional 50 ms
added on top of the existing ~5.3 ms sensor polling delay,
the slowest tested PID stabilization graph can be seen on

Figure 10. Differential pressure logs of a PID control enabled droplet
generation startup periods. (1) 1 of 4 tests with PID loop delay ~5.3 ms,
stable pressures of 3860 Pa and 4610 Pa for water and oil respectively
were reached in ~7 s; (2) zoomed in graph of (1).

Fig. 9 (1). Stabilization took ~25 seconds to reach stable
pressures. For the latter 3 tests, the PID additional delay
was reduced to 5 ms instead of 50 ms. The stabilized state
was reached in ~8 seconds as seen on Fig. 9 (2). In
comparison, it was seen that with the same PID
coefficients, the slower PID loop caused overshoots that
reached above measurable range of 8 kPa for the water
inlet side pressure sensor.
Additional repeatability tests were done with zero
added PID loop delay, leaving it to the sensor delay only
of ~5.3 ms. Pressures were fixed at 3800 Pa for water and
4800 Pa for oil. Stabilization did not improve
significantly as seen from Fig. 10 (1). However, it
became more noticeable that the used PID coefficients
were causing a steady oscillating effect with lower PID
loop delays as seen from Fig. 10 (2).

Figure 9. Differential pressure logs of a PID control enabled droplet
generation startup periods. (1) 1 of 3 tests with PID loop delay ~55 ms,
stable pressures of 4070 Pa and 5740 Pa for water and oil respectively
were reached in ~25 s; (2) 1 of 3 tests with PID loop delay ~10 ms,
stable pressures of 4180 Pa and 5730 Pa for water and oil respectively
were reached in ~8 s.
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For other aspects of the pump, to test the battery
powered performance, the pump was left to operate at a
room temperature (25 °C) with the pump voltage 250
Vpp, switching frequency 100 Hz, two channel
configuration with 3 active sensors. The sensor data was
updated over Wi-Fi at 1 second intervals. For the
medium, deionized water was used. Test was declared
finished when ESP32-DevKitC dropped its wireless
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connection and pumping had stopped entirely. Our
pumping device was able to operate a little less than 11
hours.
IV.

CONCLUSION

In this paper, a low-cost (~250 €) pressure pump
design was presented. Additional key features of the pump
include wireless communication, powering from battery
(> 10 h operation time with both piezoelectric pumps
working at full voltage amplitude, 100 Hz pulsations and
1 Hz wireless operational data updates), controlling two
pumps individually and a PID control tied to differential
pressures across a microfluidic droplet generation chip.
Our device demonstrated feasibly stable pumping
pressures, droplet generation rates and PID enabled
repeatability; however, vibrational artifacts were present
in the pressure readings. One of the main targets to
improve would be to add a pump fixture such as a rubber
gasket, which ought to radically dampen the vibrational
artifact. Oscillations caused by the used, sensitive PID
coefficients would need to be addressed in follow-up
experimental analysis with different flow media and
finetuning to a range of droplet generation pressures. The
maximum pressure sensing range of the device is -2 kPa
to 8 kPa with a recommended range of 0 to 6 kPa. The
pump adjusts its pumping voltage according to the
difference between set and measured pressure drop over a
microfluidic chip. Possible future improvements would be
the choosing of pressure sensors based on the maximum
pressure output of the pump. This would ensure that the
possible overshoot of the PID control wouldn’t reach
values that could damage the sensor. This would also add
headroom to the range of usable droplet generation chip’s
channel sizes. In case of very small microfluidic channels,
or very high flow rates for droplet generation, a possible
solution would be to adapt series or parallel pump
configurations for one device, in order to provide boost to
the pumping capabilities. Smaller improvements could be
sensors with higher bit resolution for higher precision
pressure readings, faster pump driver communication,
pressure sensor PCB design with more robust connectors
and connections, and an IPEX antenna for the improved
Wi-Fi range. We hope the simple design approach of the
device will encourage more researchers to explore droplet
microfluidics research.
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