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Abstract: Microfluidic devices providing an accurate delivery of fluids at required rates are of consid-
erable interest, especially for the biomedical field. The progress is limited by the lack of micropumps,
which are compact, have high performance, and are compatible with standard microfabrication. This
paper describes a micropump based on a new driving principle. The pump contains three membrane
actuators operating peristaltically. The actuators are driven by nanobubbles of hydrogen and oxygen,
which are generated in the chamber by a series of short voltage pulses of alternating polarity applied
to the electrodes. This process guaranties the response time of the actuators to be much shorter
than that of any other electrochemical device. The main part of the pump has a size of about 3 mm,
which is an order of magnitude smaller in comparison with conventional micropumps. The pump is
fabricated in glass and silicon wafers using standard cleanroom processes. The channels are formed
in SU-8 photoresist and the membrane is made of SiNx. The channels are sealed by two processes of
bonding between SU-8 and SiNx. Functionality of the channels and membranes is demonstrated. A
defect of electrodes related to the lift-off fabrication procedure did not allow a demonstration of the
pumping process although a flow rate of 1.5 µL/min and dosage accuracy of 0.25 nL are expected.
The working characteristics of the pump make it attractive for the use in portable drug delivery
systems, but the fabrication technology must be improved.

Keywords: micropump; electrochemical actuator; water electrolysis; nanobubbles; microfluidics

1. Introduction

In recent decades, a lot of research has been directed towards microfluidic systems.
These systems operate with small amounts of fluid using channels from several microns
to several hundreds of microns in size. Microfluidic devices are widely implemented
in biology and medicine to diagnose bacteria and viruses [1,2], for gene and cell inves-
tigations [3,4], and for the synthesis of biological tissues [5,6]. Promising microfluidic
devices are small modules that deliver drugs to the human body [7,8]. The module is
attached to the body and injects a medicine (for example, insulin) by manual touch [9]
or automatically [10], so one does not have to visit a hospital to receive an injection. It is
especially convenient when the drug needs to be delivered by small doses in short intervals.
Implantable modules that deliver the drug directly to target organ or tissue are of particular
interest [11,12]. They significantly increase the therapy effect since the medicine does not
have to overcome the physiological barriers of the body.

The simplest drug delivery module consists of a medicine container, pump, and nee-
dle [13]. The pump creates an overpressure in the reservoir, the drug is pushed through
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the needle and enters the body. The module should be small, consume low power, provide
high dosage accuracy, and be made of biocompatible materials. The performance of the
device is mainly determined by the pump. Several working principles are used for microp-
ump as described in recent reviews [14,15]. Osmotic pumps [16–18] are compact, easy to
fabricate, and do not require external energy source, but provide a small and unregulated
flow rate. Spring-loaded pumps [19,20] also need no battery, but they are not suitable
for batch fabrication due to the manual assembly. Thermal actuators [21–23] provide a
simple and biocompatible design. However, they are notoriously slow and consume a
lot of power. A significant progress is achieved in piezoelectric pumps [24–26]. They
demonstrate a fast response, high pressure, and accurate dosage but have a large size, high
driving voltage, and poor compatibility with microtechnology. Other promising candidates
for the use in microfluidic systems are electrochemical actuators [27–30] due to a simple
design, compatibility with the microfabrication, and integration with other microfluidic
components. However, their size is even larger, and the response time is very long. The
flow rate decreases quickly when the pump size is reduced. Therefore, despite the variety
of available designs, there is a lack of compact, energy-efficient, and microtechnology-
compatible pumps. The improvement of conventional devices has practically reached its
limit, and further progress requires unusual approaches.

Recently, an actuator of a new type was demonstrated [31]. It is based on the alter-
nating polarity (AP) electrolysis performed by short voltage pulses. The device consists
of a working chamber with two electrodes inside. The chamber is covered by a flexible
membrane and filled with an electrolyte. One of the electrodes is grounded, while a series
of AP pulses is applied to the working electrode. Bubbles containing H2 and O2 gases are
generated above both electrodes. A short duration of pulses (1–5 µs) makes the bubble size
smaller than 100 nm [32]. The extra pressure created in the chamber moves the membrane
up. Due to the small size of the chamber (500 µm in diameter and 8 µm in height), the dis-
placed volume is below 1 nl. When the pulses are turned off, the nanobubbles (NBs) merge
and recombine quickly. A mixture of gases transforms into water in a few milliseconds due
to a spontaneous combustion reaction [33], and the membrane returns to the initial state.
A reciprocating membrane movement can be performed at a frequency up to 1 kHz. The
device operates several orders of magnitude faster than the conventional electrochemical
actuators based on DC electrolysis. These features make the novel actuator attractive for
pumping purposes, particularly in precise drug delivery systems.

Here, we propose a micropump based on the fast electrochemical actuator. The design
and working principle are described, and the expected performance is estimated. The
pump is fabricated using conventional microtechnology. We highlight the fabrication issues
and provide the first experimental results.

2. Design of the Pump

The pump is shown schematically in Figure 1a. It contains three actuators formed in
a 10 µm thick layer of SU-8 photoresist on a 500 µm thick glass substrate. Each chamber
has two electrodes inside. The electrode material is a 500 nm thick conductive layer of
aluminum covered with a 200 nm thick titanium layer, which demonstrates very good
stability in the AP electrolysis [34]. The chambers are sealed with thin silicon nitride
films acting as membranes. Platinum disks with a thickness of 100 nm are formed on the
membranes allowing for the optical detection of the membrane movement. Above the
actuators there is a channel for the liquid being pumped. It is also formed in a 10 µm thick
layer of SU-8. The upper wall of the channel is a silicon substrate (380 µm thick) with inlet
and outlet ports to fill the pump with liquid. The channels for the electrolyte and pumped
liquid have independent ports and are filled separately.
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Figure 1. A schematic illustration of the micropump: (a) a cross-section; (b) a three-dimensional view
of the glass substrate with the electrodes and the channels for liquids.

A three-dimensional view of the channels is shown schematically in Figure 1b. The
chambers of the actuators have a diameter of 500 µm and are connected to each other
by a 50 µm wide channel. The distance between the chambers is 500 µm. The driving
voltage applied to one pair of the electrodes can induce the electrochemical process in
adjacent chambers. In order to minimize this effect, the channel between the actuators is
made in the form of meander to elongate it up to 10 mm. The channel for the pumped
liquid is straight and has a width of 100 µm. It contains three chambers with diameters
of 500 µm located above the actuators. It is also equipped with an additional chamber of
300 µm in diameter designed to monitor the pressure fluctuations during pumping. The
working part of the pump takes a volume of about 3 mm3, which is at least an order of
magnitude smaller than the chambers of the diaphragm pumps developed to date [21–30].
The electrodes have a rectangular shape. Compared to the previously used concentric
design, the rectangular electrodes provide more stable long-term operation of the actuator
at lower power consumption [35], although the concentric electrodes provide more efficient
short-term operation. The width of electrodes is 250 µm and the distance between them is
100 µm.

The electrolyte is separated from the pumped liquid by the membrane layer. In
the actuator investigated previously, the membrane was made of polydimethylsiloxane
(PDMS) [31]. It exhibited high elasticity and was able to withstand even explosions of
microbubbles in the chamber. However, PDMS is a gas permeable material, which may
cause leakage of hydrogen and oxygen from the actuator into the upper channel. The
gas may form bubbles in pumped liquid and disrupt operation of the pump. In addition,
PDMS is difficult to pattern with conventional etching techniques due to its high chemical
inertness. Thus, it must be replaced with some other material. An important requirement is
a low mechanical stress, which prevents fracture or warping of the membrane. A suitable
material is silicon-rich nitride SiNx. Low pressure chemical vapor deposition (LPCVD),
under certain conditions, provides SiNx films with low residual stress [36].

The thickness of the SiNx layer determines the membrane deflection and, therefore,
the performance of the pump. We have chosen the thickness that provides the same
stroke as that achieved earlier for the 30 µm thick PDMS membrane. The deflection of
PDMS and SiNx membranes can be predicted and compared using analytical calculations
or finite element simulation. However, elastic properties of PDMS vary over a wide
range depending on the fabrication conditions [37–39]. Thus, the deflection of the PDMS
membrane as a function of pressure in the chamber is determined experimentally using
an actuator similar to that described in the previous works [31,35]. The chamber is filled
with air from a common laboratory line. The overpressure is regulated by a manual valve
and detected by a Gems 3300 sensor. The membrane shape is measured with a Polytec
MSA-400 laser vibrometer. The deflection at the center as a function of pressure is shown
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in Figure 2. When driven by the AP electrolysis, the actuator typically provides the stroke
below 8 µm. Therefore, the overpressure created by NBs does not exceed 0.1 bar.
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The deflection of SiNx membranes of various thicknesses from the range of 100–300 nm
is calculated by the finite element method using verified software. Strictly speaking, for
such a thin membrane the size-dependent effects can influence the mechanical behavior.
These effects are related to microstructural phenomena, which are neglected in the classical
continuum theory. In order to take them into account, nonlocal strain gradient models are
introduced [40,41]. However, a specific scale, for which the size effects become important,
remains an open question. The experiments with microfabricated beams demonstrated
that the dependence of elastic properties on thickness manifests itself when the thickness
goes below 150 nm [42–44]. Since the chosen range of the membrane thickness mostly
exceeds this value, and for the sake of simplicity, we make the calculations using the
classical elasticity theory and bulk material properties of SiNx. The results are shown in
Figure 2. At the pressure of 0.1 bar, a 200 nm thick structure provides the deflection similar
to that for the PDMS membrane. Therefore, this thickness is chosen for the fabrication. The
stress in the membrane reaches 1.9 GPa, which is several times lower than the fracture
strength 6.9 GPa of silicon nitride thin films [45]. It was demonstrated that micromechanical
structures fabricated from low stress LPCVD SiNx withstand up to 109 loading cycles at the
stress amplitude of 5.8 GPa without fatigue-induced degradation or failure [46]. Therefore,
the fatigue phenomenon should not limit the performance of the pump.

A separate actuator works as follows. The chamber is filled with sodium sulfate
solution that is used as an electrolyte. A series of AP voltage pulses with a frequency
of 100 kHz or higher is applied to the electrodes. While the pulses are switched on, the
chamber is filled with NBs containing O2 or H2 gases, the pressure increases, and the
membrane moves up. It is important that in the AP process only NBs with a size of
60–80 nm [32] are generated but no microbubbles appear. Since the volume of the chamber
is small, the concentration of NBs can reach a value as high as 1015 cm−3 in a time as short
as 10 ms.

The main problem of the electrochemical actuators using DC electrolysis is a very
slow reaction between gases [29] when the voltage is off. Even the use of Pt catalyst with
well-developed surface results in a response time of minutes [29] but not milliseconds. The
AP process solves this problem in an unexpected way: in NBs containing mixture of O2
or H2 gases the combustion reaction is ignited spontaneously [33]. The mechanism of this
combustion is not fully understood, but high surface-to-volume ratio for NBs plays the
critical role (see a recent review [47]).

After switching the pulses off the pressure in the chamber decreases fast because when
two bubbles containing different gases meet, they merge due to diffusive gas exchange
and disappear in 10 ns in the combustion reaction. However, when two bubbles with the
same gas meet, the gas exchange is strongly suppressed (no concentration gradient). In
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this case the repulsion between bubbles induced by the surface charges dominates [47].
Fast extinction of the gas in the chamber strongly reduces the response time of the actuator.
Thus, the gas generation in the form of NBs has a principal significance for the short
response time of the actuator.

In the pump the fluid is pumped due to the peristaltic movement of the actuators.
Peristalsis is a simple and reliable pumping method that is widely implemented in mi-
crofluidics using actuators of various types [48–52]. The actuators operate in the sequence
shown in Figure 3a. They create a peristaltic wave and push the liquid from left to right.
The pumping cycle consists of six phases. In each phase, at least one membrane is lifted,
preventing the back flow. This sequence is set by the driving signals shown in Figure 3b. A
series of AP voltage pulses with a frequency f ~100 kHz is applied to each actuator during
the active time ta. The membrane rises and displaces the liquid. During the passive time tp,
the pulses are switched off and the membrane returns to its initial position. The signals
have the same shape for all the actuators, but for the middle and right devices it is shifted
by 2ta/3 and 4ta/3, respectively.

Actuators 2021, 10, x FOR PEER REVIEW 5 of 13 
 

 

this combustion is not fully understood, but high surface-to-volume ratio for NBs plays 

the critical role (see a recent review [47]). 

After switching the pulses off the pressure in the chamber decreases fast because 

when two bubbles containing different gases meet, they merge due to diffusive gas ex-

change and disappear in 10 ns in the combustion reaction. However, when two bubbles 

with the same gas meet, the gas exchange is strongly suppressed (no concentration gra-

dient). In this case the repulsion between bubbles induced by the surface charges domi-

nates [47]. Fast extinction of the gas in the chamber strongly reduces the response time of 

the actuator. Thus, the gas generation in the form of NBs has a principal significance for 

the short response time of the actuator. 

In the pump the fluid is pumped due to the peristaltic movement of the actuators. 

Peristalsis is a simple and reliable pumping method that is widely implemented in mi-

crofluidics using actuators of various types [48–52]. The actuators operate in the sequence 

shown in Figure 3a. They create a peristaltic wave and push the liquid from left to right. 

The pumping cycle consists of six phases. In each phase, at least one membrane is lifted, 

preventing the back flow. This sequence is set by the driving signals shown in Figure 3b. 

A series of AP voltage pulses with a frequency f~100 kHz is applied to each actuator 

during the active time ta. The membrane rises and displaces the liquid. During the pas-

sive time tp, the pulses are switched off and the membrane returns to its initial position. 

The signals have the same shape for all the actuators, but for the middle and right devices 

it is shifted by 2ta/3 and 4ta/3, respectively. 

  

(a) (b) 

Figure 3. Working principle of the micropump. The image (a) illustrates sequential operation of the 

actuators. The liquid is pushed from left to right. The driving signals are schematically illustrated 

in panel (b). The AP voltage pulses are applied to each actuator during the active time ta. The 

numbers at the top indicate the pumping phases. 

For proper operation, the passive time should be long enough to return the mem-

brane to the initial position. This process takes 40–60 ms for complete return to the initial 

state [35]. Since in the 6-phase cycle the active and passive times are equal, one can esti-

mate the cycle duration as tc = ta + tp ≈ 100 ms, and the working frequency of the pump is fc 

= 1/tc = 10 Hz. The volume of liquid pumped per cycle is equal to half of the volume dis-

placed by the membrane: 

22

1 2dr
V


  (1) 

Figure 3. Working principle of the micropump. The image (a) illustrates sequential operation of the
actuators. The liquid is pushed from left to right. The driving signals are schematically illustrated in
panel (b). The AP voltage pulses are applied to each actuator during the active time ta. The numbers
at the top indicate the pumping phases.

For proper operation, the passive time should be long enough to return the membrane
to the initial position. This process takes 40–60 ms for complete return to the initial
state [35]. Since in the 6-phase cycle the active and passive times are equal, one can estimate
the cycle duration as tc = ta + tp ≈ 100 ms, and the working frequency of the pump is
fc = 1/tc = 10 Hz. The volume of liquid pumped per cycle is equal to half of the volume
displaced by the membrane:

∆V ≈ 1
2

πr2d
2

(1)

where r = 250 µm is the chamber radius and d is the deflection of the membrane in its
center. Assuming that the membrane rises to a moderate level d = 5 µm, we obtain
the displaced volume ∆V = 0.25 nL. The conventional pumps have a stroke volume of
several tens or hundreds of nanoliters [21,25,26]. Therefore, the proposed device demon-
strates a significant improvement in the dosage precision. The flow rate is calculated as
R = ∆Vfc = 0.15 µL/min. This value is small in comparison with R~10 µL/min provided
by other devices [22–30]. However, the actuator can operate with a significantly shorter
active and passive time ~1 ms [53]. By setting the working frequency at fc = 100 Hz or
higher, we can increase the flow rate up to 1.5 µL/min. Thus, the pump is expected to
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provide a sufficient pumping speed in combination with a high dosage accuracy, which is
beneficial for drug delivery systems.

It is worth noting that the spontaneous combustion of hydrogen and oxygen in NBs
produces heat as normal combustion would do. A significant heating of the electrolyte
has been observed for the case when the electrodes were deposited on a membrane with a
small thermal mass [54]. However, when the electrodes were fabricated on a bulk substrate,
the temperature rise was smaller than 1 ◦C [33]. It is explained by a large thermal mass
of the substrate, which is able to absorb the heat produced in a small chamber. Therefore,
significant heating of the pump during operation is not expected.

3. Fabrication

The fabrication procedure is shown in Figure 4. It requires six photomasks for the
UV contact lithography and three 100 mm diameter wafers. The process begins with the
formation of the electrodes, signal lines and contact pads on a 500 µm thick MEMpax glass
wafer (wafer 1) using the lift-off technique (Figure 4a). For this purpose, a 1.7 µm thick
mold of the photoresist OIR 907-17 is applied by spin-coating, exposed and developed.
A 10 nm thick titanium adhesive layer is deposited by e-beam evaporation followed by
the deposition of a two-layer Al/Ti film with a thickness of 500/200 nm. The rest of the
photoresist is washed out with acetone and isopropanol. The two-layer structure results in
a 2 Ω resistance between the electrode and contact pad. Further, the channels for electrolyte
are formed in a 10 µm thick layer of photoresist SU-8 25 (Figure 4b). The soft bake and post
exposure bake are carried out at 95 and 80 ◦C during 20 and 10 min, respectively. The hard
bake in not performed in order to eliminate final cross-linking of the resist, and to keep the
surface compliant for further bonding process.
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Figure 4. Fabrication procedure of the pump: (a) patterning of the Al/Ti electrodes on the glass
wafer; (b) formation of the channels for the electrolyte in the SU-8 layer; (c) patterning of Pt disks on
the Si wafer; (d) deposition and patterning of the SiNx film; (e) bonding of SiNx to SU-8; (f) complete
plasma etching of the Si wafer; (g) partial plasma etching of the holes in the Si wafer; (h) formation
of the channels for the pumped liquid in the SU-8 layer on the opposite side; (i) bonding of SU-8 to
SiNx; (j) final etching of the holes.

At the next stage, a 380 µm thick double side polished silicon wafer (wafer 2) is
processed. Platinum discs with a thickness of 100 nm are formed at the polished surface
by magnetron sputtering and lift-off (Figure 4c). Next, a membrane layer of 200 nm thick
low stress silicon-rich nitride is deposited by LPCVD and patterned by reactive ion etching
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(RIE, Figure 4d). Further, the wafer is flipped over and bonded to wafer 1 (Figure 4e). The
bonding between SiNx and SU-8 is performed using the anodic bonding system EVG510.
The wafers are heated up to 180 ◦C and pressed together with a force of 2 kN during 60 min.
The silicon is completely removed from the bonded stack by RIE in SF6 plasma, leaving the
SiNx film on top of the SU-8 layer (Figure 4f).

The second silicon wafer (wafer 3) has a thickness of 380 µm and is polished at both
sides. First, the inlet and outlet holes and openings for contact pads are etched (Figure 4g).
The BOSCH process is performed through the mask of 300 nm thick SiO2 and 3.5 µm thick
photoresist OIR 908-35. At this step the wafer is etched to a depth of about 330 µm, in order
to form the channels for the pumped liquid in a 10 µm thick SU-8 25 layer on the opposite
side (Figure 4h). After the exposure and development of SU-8, the wafer is bonded to
the glass wafer (Figure 4i). The surfaces of SiNx and SU-8 are linked using the method
described above. Then the holes are finally etched by the BOSCH process (Figure 4j), the
mask is removed by RIE and the glass wafer is cut with a dicing saw.

The fabricated assembly containing six samples is shown in Figure 5a. One can see
the dark spot in the central part, where SU-8 is well bonded to SiNx. Typically, this spot
covers about half the wafer area. Due to incomplete bonding, only 60% of the samples
have hermetically sealed channels. The assembly is divided into separate chips manually.
The glass and silicon sides of the chip are shown in Figure 5b,c, respectively. The sample
has a sufficiently large size of 28 × 22 mm2 chosen for the convenience of connecting the
microfluidic tubes. In addition, it allows one to design the channels long enough to observe
the pumping by meniscus movement. Figure 5d shows a close-up view of the actuator.
Light spots around the chamber and channels are the areas of poor bonding. For this
sample the bonding provides no leakage, and it is strong enough to withstand the pressure
above 5 bar in the channels, but the process has to be improved in order to increase the
bonding quality and fabrication yield. This can be achieved by optimizing the thermal
treatment of SU-8 and bonding conditions.
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4. Testing

To test the pump, a holder is designed and fabricated using a 3D printer. The chip is
placed on the lower platform glass side down and pressed by the upper platform using
screws, as shown in Figure 6. The lower platform contains six tungsten probes, which are
installed on the contact pads of the sample and provide driving signals to the electrodes. In
addition, it has an opening to observe the movement of the membranes and the meniscus
in the channel. The upper platform has four ports for connecting the microfluidic tubes
with the outer diameter of 0.5 mm using nuts and ferrules. The actuators are filled with
the electrolyte, which is a molar solution of Na2SO4 in distilled water. The channel for
the pumped liquid is filled with distilled water. The holder is installed onto a stage of the
microscope equipped with a Moticam 1SP camera. In order to verify the pump for leakage
and membrane movability, the pressure is created in the channels using a syringe. The
deflection of the membranes under this pressure is detected by the platinum discs coming
out of focus of the microscope, as demonstrated in Video S1.

Actuators 2021, 10, x FOR PEER REVIEW 8 of 13 
 

 

 
 

(c) (d) 

Figure 5. (a) A photo of the assembled wafers from the glass side. The arrows indicate the edge of 

the dark spot, where SU-8 is well bonded to SiNx. (b,c) A separate chip detached from the assem-

bly. The photos are taken from the glass and silicon sides, respectively. The black rectangle in im-

age (b) indicates the actuator that is zoomed in panel (d). 

4. Testing 

To test the pump, a holder is designed and fabricated using a 3D printer. The chip is 

placed on the lower platform glass side down and pressed by the upper platform using 

screws, as shown in Figure 6. The lower platform contains six tungsten probes, which are 

installed on the contact pads of the sample and provide driving signals to the electrodes. 

In addition, it has an opening to observe the movement of the membranes and the me-

niscus in the channel. The upper platform has four ports for connecting the microfluidic 

tubes with the outer diameter of 0.5 mm using nuts and ferrules. The actuators are filled 

with the electrolyte, which is a molar solution of Na2SO4 in distilled water. The channel 

for the pumped liquid is filled with distilled water. The holder is installed onto a stage of 

the microscope equipped with a Moticam 1SP camera. In order to verify the pump for 

leakage and membrane movability, the pressure is created in the channels using a sy-

ringe. The deflection of the membranes under this pressure is detected by the platinum 

discs coming out of focus of the microscope, as demonstrated in Video S1. 

 

Figure 6. A micropump mounted in the holder. The probes are connected to the contact pads and 

the microfluidic tubing is connected to the inlet and outlet ports. The inset shows the bottom side of 

the holder with a square opening. 

The driving voltage is provided by a homemade three-channel signal generator 

based on the microcontroller STM32G474RBT3. The signal is produced by the microcon-

troller using a direct digital synthesis method and amplified 20 times by a built-in class 

AB power amplifier. For each actuator, series of AP voltage pulses are fed to the working 

electrode, while the counter electrode is grounded. Previously it was shown that the 

membrane deflection increases, and the degradation of the electrodes slows down with 

the frequency of pulses f [53]. Here, we take the maximal value f = 500 kHz provided by 

Figure 6. A micropump mounted in the holder. The probes are connected to the contact pads and the
microfluidic tubing is connected to the inlet and outlet ports. The inset shows the bottom side of the
holder with a square opening.

The driving voltage is provided by a homemade three-channel signal generator based
on the microcontroller STM32G474RBT3. The signal is produced by the microcontroller
using a direct digital synthesis method and amplified 20 times by a built-in class AB
power amplifier. For each actuator, series of AP voltage pulses are fed to the working
electrode, while the counter electrode is grounded. Previously it was shown that the
membrane deflection increases, and the degradation of the electrodes slows down with the
frequency of pulses f [53]. Here, we take the maximal value f = 500 kHz provided by the
generator. The series consists of N = 50,000 pulses with the amplitude Ua. The active time
is ta = N/2f = 50 ms and the passive time is chosen to be tp = 50 ms, so the pump operates
at the frequency fc = 10 Hz.

The first test of the pump revealed a problem related to the formation of long-lived
bubbles in the working chambers of the actuators. Normally in the AP process, no visible
bubbles are generated [55] and their unexpected formation indicates the presence of some
active defects. The bubbles emerge at the edges of the electrodes and grow until the
chamber is filled with gas and the current is blocked. They appear at a voltage Ua = 8 V
and grow faster as Ua increases. At an amplitude of 12–14 V, which is typically required to
achieve a significant membrane deflection, the chamber is filled with gas in several tens of
seconds, see Video S2. At a sufficiently high voltage, short-lived microbubbles are observed,
which disappear in a few hundred microseconds due to a spontaneous combustion reaction
between hydrogen and oxygen as was observed earlier [31]. This effect shows that together
with parasitic gas formation the regular AP electrolysis also occurs.
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In order to explain the formation of the long-lived visible bubbles, an additional
experiment is performed. The glass substrate with the electrodes is detached from the
assembly and placed in a Petri dish filled with the electrolyte. This configuration allows
observation of the working surface of the electrodes. The AP pulses with Ua = 10 V are
continuously applied to one electrode during 60 s, while the other electrode is grounded.
As well as in the pumping regime, the gas production is observed. It is accompanied by
the degradation of the electrodes, which visually appears as the darkening of their edges,
see Figure 7. After the test, the chemical composition of the sample is investigated with
the energy-dispersive X-ray (EDX) spectrometer Oxford Instruments INCA X-act, which
is installed into the scanning electron microscope (SEM) Zeiss Supra 40. The maps of
chemical elements are shown in Figure 7. The dark region contains less aluminum than the
undamaged one, while the titanium content is the same in both areas. In addition, the dark
region demonstrates higher content of silicon. It means that X-rays coming from the glass
substrate are blocked by the damaged part to a lesser degree compared to the undamaged
electrode area. To all appearance, aluminum is removed from under the titanium working
layer during the AP electrolysis, and this process is accompanied by the generation of
visible bubbles.
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Figure 7. The electrodes after the test. The bottom electrode was grounded, while the AP voltage pulses with Ua = 10 V
were applied to the upper electrode during 60 s. The optical micrograph of the electrodes is shown on the left. The white
rectangle indicates the area of EDX analysis. Right images demonstrate the EDX mapping of chemical elements at 30 kV
accelerating voltage.

Al/Ti electrodes have been used previously in the fast electrochemical actuators [31,35,53]
and in several experiments on the AP electrolysis [32,56–58]. They can be recommended
as rather durable structures, which are able to withstand extremely high current densities
~100 A/cm2 for long time. The degradation of the electrodes manifested itself as the
oxidation of the titanium working layer, but no removal of aluminum was observed.
Probably, this phenomenon takes place in the micropump due to a change in the fabrication
technology. Previously, the electrodes were patterned by wet etching, but here the lift-off
technique is used. The lift-off provides a sharper edge of the film and may cause fence-like
structures, which act as preferable sites for the formation of the pinned bubbles during the
electrolysis. The defects at the electrode edge are shown in Figure 8. Further, we plan to
correct the fabrication procedure in order to avoid gas generation and removal of Al that
will allow the investigation of the pump performance in various regimes.
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Figure 8. SEM image of the as-fabricated electrodes captured at an angle of 40◦ with respect to
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marked by the black frame.

5. Conclusions

A peristaltic micropump using electrochemical generation of nanobubbles as a new
working principle is described. It contains three actuators, which are driven by the AP
electrolysis performed by microsecond voltage pulses. Such actuators operate several
orders of magnitude faster than the conventional electrochemical devices. The pump is
designed to be fabricated with standard cleanroom processing. The actuators are formed
in the SU-8 photoresist and sealed by the SiNx membrane. The channels for the pumped
liquid are also made in SU-8. The fabrication procedure requires one glass wafer, two
silicon wafers, and six photomasks. It includes two processes of bonding between SU-8
and SiNx, which are the most critical steps. For reasons of handling convenience, we set a
relatively large size of the chip of 28 × 22 mm2, although the working part has a footprint
of 3 × 1 mm2. The pump is designed to have a flow rate of 1.5 µL/min with a dosage
accuracy of 0.25 nL at a working frequency of 100 Hz, targeting portable drug delivery
devices. However, the defect of electrodes resulted in the formation of long-lived parasitic
bubbles in the chambers of the actuators, which prevent actual pumping. The growth
of these bubbles is accompanied by removal of Al from under the working Ti layer of
the electrodes. It was not observed previously when the electrodes were patterned by
wet chemical etching, making the lift-off technique a candidate for further investigations
towards the hampered performance.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-082
5/10/3/62/s1, Video S1: Deflection of the membranes under the air pressure of about 0.1 bar, which
is periodically created in the channel by a syringe. Video S2: Formation of the long-lived visible
bubbles in the chambers. The pump is driven by AP voltage pulses with the amplitude of 13 V.
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