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Abstract. Microfluidic systems are widely used in various applications, including precise
delivery of drugs into organs or tissues. The drug delivery system should have a compact pump
with a high flow rate and precise dosage accuracy. In this work, we propose a novel micro-
pump based on an electrochemical actuator that meets these requirements. It contains a glass
substrate with three actuators, and a silicon substrate with a channel for a pumped liquid. Side
walls of the actuators and channels are made of photoresist SU-8. The pumping is performed
peristaltically. The working part of the pump has a size of 3 mm?, which is an order of mag-
nitude smaller in comparison with conventional devices. Compact size ensures ultra-precise
dosage of 0.14 nl that is necessary for drug delivery systems. Design and testing procedure are
described in detail, and working characteristics are provided.
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AnHOTanuga. MUKpO@IIONIHBIE CUCTEMBI CITIOCOOHBI BHITIOJIHSITH MTPEIU3NOHHYIO TOCTaBKY
JIeKapcTB K opraHam deyioBeka. J[yisi 9Tol 3amauym MM HEOOXOMWM KOMITaKTHBIM HAacoc ¢
BBICOKMM PacXoAoM XUIKOCTU M TOYHOI J03UpOBKOM. IIpemnoxkeHHBINN B paboTe HAcoc Ha
OCHOBE OBICTPOr0 3JEKTPOXMMUUECKOTO aKTiaTopa OTBEYaeT YyKa3aHHBIM TpPeOOBaHUSIM.
VYerpoiicTBo coaepkut Tpu aktioatopa ¢ [IJIMC MemOpaHoii, NU3roTOBJAEHHBIE HAa CTEKJISIHHOM
MOJJIOXKKE, WM KaHal IS TepeKauyMBaeMoO XHUIKOCTM Ha KPEMHUEBOW MOMIOXKe. BokoBbIe
CTEHKU aKTI0aTOPOB M KaHaja BbiMoJHEeHbl U3 (otope3ucta SU-8. Tlepekauka XUAKOCTU
OCYIIECTBIISIETCST TIEPUCTATBTUUECKUM MeTomoM. Pabouast yacTe Hacoca nmeeT o0beM 3 MMm3,
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YTO Ha IMOPSIAOK MEHbIIE IO CPAaBHEHMUIO C KJIACCMYECKMMM YcTpoiicTBamu. KoMmakTHbIe
pa3Mepbl 00ecIeunBalOT CBEepXTOUHYIO no3upoBKy 0,14 nHia. PabGoume xapakTepuUCTUKU
MOJIXOMAST JUISI CUCTEM JOCTaBKM JeKapcTB. B paboTe omucaHa KOHCTPYKIMS YCTPOMCTBa U
MPOLECC TECTUPOBAHMSI.

Kmouesbie ciaoBa: MOMC, Mukpodaonanka, MHUKPOHACOC, DJIEKTPOIU3 IePEeMEHHOM
MOJISIPHOCTH, DJIEKTPOXMMMYECKUIA aKTIOATOP
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Introduction

A microfluidic system is a chip with micron-sized channels and chambers for liquid. It is
used for many tasks in biology [1, 2], chemistry [3, 4], and medicine [5, 6], including delivery
of drugs directly to organs and tissues. This method significantly enhances the therapy. The lack
of compact and power-efficient pumps limits a widespread use of implantable drug delivery
systems. As a rule, the liquid is pumped by a reciprocating membrane driven by an actuator that
determines the pumping performance. Several actuation principles are known to date, but an
electrochemical method is the most suitable for drug delivery systems. Electrochemical actuator
is a chamber with two electrodes inside, which is filled with electrolyte and closed by a flexible
membrane. DC electrolysis of water generates gas bubbles in the electrolyte, which create an
extra pressure and push the membrane. The main disadvantage of this actuator is the slow
dissolution of gases, which usually takes several minutes. Thus, the pump cannot operate at the
required frequency. A novel electrochemical actuator was proposed recently [7]. Alternating
polarity voltage pulses generate hydrogen and oxygen nanobubbles which are dissolved in several
milliseconds due to spontaneous combustion reaction. The pump based on this actuator has the
working part of 3 mm? in size, which is about ten times smaller in comparison with conventional
devices. Estimated flow rate and dosage accuracy are of 0.37 uL/min and 0.25 nL, respectively.
This work describes the micropump design, testing procedure and performance.

Materials and methods

A schematic cross-section of the micropump is shown in Fig. 1. The electrodes are fabricated
on a glass substrate Borofloat 33 by magnetron sputtering. The electrode material is a 500 nm
thick aluminium conductive layer covered by a 150 nm thick working layer of ruthenium, which
ensures high durability of the electrodes [8]. Chambers of the actuators and channels for the
electrolyte are formed in the SU-8 layer by spin-coating and photolithography. Each chamber has
a diameter of 500 ym and a height of 16 pm. A polydimethylsiloxane (PDMS) membrane with
the thickness of 60 pm is formed by spin-coating on a flexible polyester film and bonded to the
photoresist SU-8. The bonding is performed by N, plasma treatment of the PDMS layer followed
by pressing it to the SU-8 surface and heating the sample to initiate the N-C bond [9]. After the
bonding the film is successfully detached from the PDMS layer, leaving the membrane above the
chambers. Further, a silicon substrate with a 10 um high channel for a working liquid is bonded
to the PDMS membrane. The channel is also made of SU-8. Filling ports in the silicon substrate
are formed by deep anisotropic plasma etching [10].

The micropump works by peristaltic deflection of actuators in a cycle of six steps, as shown in
Fig. 2, a. At each step, the working channel is blocked by at least one membrane, which prevents
the reverse liquid flow. The working cycle is provided by a driving voltage shown in Fig. 2, b.
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Fig. 1. A schematic cross-section of the micropump

Alternating polarity pulses with a frequency of 500 kHz and an amplitude of 5 V are formed with
a homemade generator based on the STM32G474RBT3 microcontroller. The pulses are applied
to each actuator during an active time 7 = 20 ms. The membrane moves upwards and pushes the
liquid from the channel. During a pass1ve time 1, = 20 ms no pulses are applied and the membrane
returns to the initial position. The signal is the ‘same for all the actuators, but for the second and
third actuator it is shifted for 27 /3 and 47 /3. The cycle has a duration of £ = ¢ + 1= 40 ms. Thus,
the working frequency is f, = 1 /t =25 Hz.
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Fig. 2. Working principle of the micropump: (a) operation sequence of the actuators and (b) driving
voltage applied to the actuators

The fabricated chip is shown in Fig. 3. It has a size of 20x30x1 mm with the working part of
3 mm?. A 3D-printed sample holder is used for connecting microfluidic tubes to fill the pump
with water solution of Na,SO, and distilled water. Six tungsten probes are installed on the contact
pads and provide driving signals to the electrodes. The meniscus of the working liquid is followed
through the glass substrate using a microscope equipped by a camera Moticam 1SP.

The dosage is measured by applying one period of driving signals. The displaced volume is
found by tracking the meniscus in the working channel. In order to measure the flow rate, several
tens of periods are fed to the electrodes. A path of the meniscus multiplied by the height and
width of the channel gives the pumped volume, which is divided by the time of pumping.

Results and discussion

The micropump provides the dosage of 0.14 nl, which is 40% lower than the estimated value.
The reason is a reduced membrane deflection due to the presence of the working liquid in the
channel. The expected stroke of 5 um is reached at the pulse amplitude of 11 V and atmospheric
air above the membrane. The liquid loads the membrane and reduces the stroke. The measured
dosage corresponds to the deflection of 2.9 um. Conventional devices have a dosage of tens of
nanoliters [11, 12]. Thus, the proposed micropump demonstrates ultra-precise dosage.
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Fig. 3. Fabricated micropump: front side (a), back side (b)

At the flow rate testing, the meniscus moves for 1460 um during 1.7 s. These values correspond
to the flow rate of 0.06 ul/min, which is about 6 times lower than was predicted. Such a large
discrepancy cannot be explained only by the reduced membrane deflection. Another reason is a
backpressure that increases during pumping. It is reasonable to compare micropumps of various
size by the normalized flow rate R/V, which is a ratio of the flow rate to the volume of the working
part. The proposed pump has R/V=0.02 pl/(min-mm?). For conventional electrochemical devices
this value is about 0.05 pl/(min-mm?) [13]. At the same time, pumps of another type provide the
flow rate from 1 to 1000 ul/min at the working part volume of more than 100 mm? [14]. Thus,
R/V of these devices is below 0.02 pl/(min‘mm?). The proposed micropump has a comparable
value. Adjusting the actuator stroke to the channel height will eliminate the backflow and improve
the performance. It may be achieved by using the explosive regime that ensures much higher
membrane deflection [7].

Conclusions

The peristaltic micropump based on the fast electrochemical actuator is presented. It contains
three actuators working at the frequency of 25 Hz. The pump provides the dosage of 0.14 nl that
is an ultra-precise value in comparison with another micropumps. The ratio of the flow rate to
the volume of the working part is of 0.02 pl/(min-mm?), which is comparable to other devices.
Thus, the micropump meets the requirements of implantable drug delivery systems. The flow rate
may be increased by using explosive mode of the fast electrochemical actuator, which will be
investigated in the future.
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