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1. Introduction

Microfluidic systems are widely used in biological and medical 
applications [1, 2]. A key element of the microfluidic devices, 
such as laboratories on a chip [3, 4] or portable and implant-
able drug delivery systems [5, 6], is a pump that creates a 

liquid flow. Typically, the pump consists of a chamber, which 
is filled with a working fluid and covered by a movable mem-
brane, and two check valves [7]. The membrane moves back 
and forth, and pumps the fluid through the chamber in the 
direction determined by the valves. Performance of the pump 
mainly depends on the mechanism driving the membrane. 
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Abstract
Microfluidic systems require a compact, energy-efficient and microtechnology-compatible 
actuator that pushes the liquid through the channels. Electrochemical devices are promising 
candidates, but they suffer from a long response time due to slow gas recombination. An 
actuator with a millisecond response time was demonstrated recently. A micron-sized chamber 
of the device with two titanium electrodes is sealed by a polydimethylsiloxane membrane. 
A series of microsecond voltage pulses of alternating polarity is applied to the electrodes. 
Nanobubbles generated in the chamber push the membrane up, but disappear quickly due to 
spontaneous combustion of hydrogen and oxygen. In this work, operation of the device is 
investigated in detail. The pulses with a frequency from 100 to 500 kHz are used for actuation. 
It is demonstrated that higher frequency and higher amplitude of the pulses provide larger 
deflection of the membrane, but finally the deflection is saturated. The stroke of 8–9 µm 
can be achieved. In a cyclic operation regime the actuator is driven by series of pulses. If 
the time interval between the series is too short, the gas accumulates in the chamber. The 
membrane lifts during several cycles and then oscillates in the lifted position. In this regime 
the operating frequency as high as several hundred hertz can be achieved. The higher the 
frequency, the higher is the lift. The stroke also increases with the frequency, making a higher 
value more beneficial. Destruction of the electrodes is not observed, but the oxidation of 
titanium with time suppresses the gas production and decreases the membrane deflection. 
At a high frequency of the pulses the oxidation goes slower, but still significantly affects the 
performance. The oxidation of the electrodes is recognized as the main problem of the device. 
Methods to solve the problem are proposed.
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Several actuation principles are implemented, such as piezo-
electric [8, 9], electrostatic [10, 11], electromagnetic [12], 
thermal [13, 14] and other. Piezoelectric actuators have short 
response time and a large actuation force, but they are limited 
by a large size, high driving voltage and poor compatibility 
with standard microfabrication technology. Electrostatic 
devices are also fast, but they provide rather weak forces. 
Electromagnetic and thermal actuation requires a low oper-
ating voltage. However, these actuators consume significant 
power and generate heat. Thus, there is an acute shortage of 
simple, compact and energy-efficient actuators, which can be 
easily integrated into microfluidic systems.

Another popular method to drive membrane motion is the 
electrochemical actuation [15–26]. A main part of the electro-
chemical actuator is a working chamber filled with an aqueous 
electrolyte solution and covered by a flexible membrane. The 
chamber contains two electrodes: one is grounded (cathode), 
and the other one (anode) is kept at a constant current or 
voltage. During electrochemical decomposition of water, H2 
and O2 bubbles emerge at the cathode and the anode, respec-
tively. These bubbles create an overpressure that pushes the 
membrane. After switching the voltage off the gases recom-
bine back into water and the membrane returns to the initial 
state. Electrochemical principle has a number of advantages 
in comparison with other actuation methods. It provides large 
driving force and stroke, low heat generation and power con-
sumption, allows simple design of the actuator that is easy to 
fabricate and integrate with other microfluidic parts. However, 
conventional actuators based on DC electrolysis have very 
long response time due to the slow gas recombination. In 
order to accelerate the reverse reaction between hydrogen and 
oxygen, the electrodes are fabricated from platinum that dem-
onstrates catalytic properties [15–21]. Additional means such 
as Nafion coating of the electrodes [16–18], platinum mesh 
in the working chamber [19, 20], platinum wires floating in 
the electrolyte [21], or platinum black [22, 23], intensify the 
recombination. However, the disappearance of bubbles still 
takes several minutes. Cyclic operation of such actuators can 
be performed at a quite low frequency of about 0.01 Hz.

Response time of the electrochemical actuators can be 
significantly reduced using the alternating polarity (AP) elec-
trolysis instead of the usual DC process. When a series of 
microsecond voltage pulses of AP is applied to the working 
electrode while the other one is grounded, both H2 and O2 
gases are produced above each electrode. Switching the 
voltage polarity at a frequency of ~100 kHz limits the size of 
the gas bubbles by the value of about 100 nm [27]. The pres-
sure in the chamber increases and pushes the membrane up. 
When the pulses are switched off, the nanobubbles of H2 and 
O2 merge and the mixture of gases turns back into water in 
milliseconds. Such a fast termination of gas is possible due 
to combustion of hydrogen and oxygen in nanobubbles [28]. 
A series of the combustion reactions occurs spontaneously 
at room temperature that cannot be explained in the standard 
combustion theory. The mechanism of this combustion is 
associated with a high surface-to-volume ratio (~107 m−1) 
for nanobubbles. It was suggested [29] that radicals needed to 

ignite the reaction are generated on charged sites at the gas–
liquid interface (bubble walls). In this case the reactions can 
proceed spontaneously at room temperature as was demon-
strated by solving the kinetic equations directly [30] or using 
the molecular dynamics simulations [31].

An actuator based on the AP electrolysis was demonstrated 
recently. A working chamber with two titanium electrodes 
inside had a diameter of 500 µm and a height of 8 µm. It was 
sealed by a polydimethylsiloxane (PDMS) membrane of 30 µm 
thick. Design of the device and the fabrication procedure were 
described in the paper [32]. Our subsequent study [33] was 
devoted to the testing of the actuator. The electrochemical pro-
cess was driven by the AP pulses with a frequency of 500 Hz.  
Two operation regimes of the device were demonstrated. In 
the first one, a series of pulses applied to the electrodes fills 
the chamber with nanobubbles, which are terminated quickly 
when the voltage is turned off. The actuator operated at the 
frequencies as high as 667 Hz that is five orders of magnitude 
faster than the conventional DC actuators. The other regime is 
realized at higher amplitude of the pulses. When the concen-
tration of nanobubbles in the chamber reaches a critical value, 
they merge into a microbubble that explodes with the release 
of a large amount of energy. This regime provides up to 10 
times higher stroke in comparison with the non-explosive 
operation. However, a special technique is required to prevent 
the growth of pinned bubbles during the periodic explosions.

This work describes operation of the fast electrochemical 
actuator in the non-explosive regime in some detail. The fre-
quency of driving pulses varies from 100 to 500 kHz, and the 
dependence of the membrane deflection on this frequency is 
investigated. We test the device in the cyclic operation and 
show how the steady state regime is reached, i.e. how the 
stroke and position of the membrane change from cycle to 
cycle, and how these parameters depend on the operating fre-
quency. The long-term stability and power consumption of the 
device are also analyzed. This information is necessary for 
choosing optimal operation conditions of the actuator and for 
development of a micropump based on this device.

2. Methods

The actuator ready for the test is shown in figure 1. A working 
chamber of 500 µm in diameter is located at the center of the 
chip. The bottom wall of the chamber is an oxidized silicon 
wafer with two planar electrodes of a concentric shape. The 
electrodes are fabricated by magnetron sputtering and consist 
of a 0.5 µm thick aluminum layer covered by a 0.5 µm thick 
titanium layer. The side walls are made of cured SU-8 resist. 
The chamber is sealed by a 30 µm thick PDMS membrane 
that is fabricated on a separate wafer and transferred to the 
chip using a thick PDMS structure. Bonding of PDMS to SU-8 
is performed by the treatment of PDMS in nitrogen plasma. 
We use the same design of the actuator that was presented 
in our previous work [33]. The only change is the height of 
the chamber, which is increased from 8 to 16 µm in order to 
prevent stiction of the membrane to the bottom wall during 
the bonding.

J. Micromech. Microeng. 29 (2019) 114001
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The working chamber is filled with an electrolyte (а molar 
solution of Na2SO4 in distilled water) via the holes punched 
in the thick PDMS structure. The holes are closed by a tape 
after the filling. Electrochemical process is performed by a 
series of rectangular voltage pulses of a positive and negative 
polarity applied to the working electrode while the other elec-
trode is grounded. The voltage is provided by a homemade 
PC-controlled signal generator based on the microcontroller 
STM32F051R8T6. The signal produced by the microcon-
troller using direct digital synthesis method is amplified 20 
times by a built-in class AB power amplifier. The maximal 
achievable frequency of the pulses is 500 kHz and the maximal 
amplitude is  ±22 V. The voltage and current flowing through 
the electrodes are recorded by a Pico Scope 5000. Deflection 
of the membrane with time is measured using a homemade 
homodyne Michelson interferometer, which provides two 
phase-shifted output signals [33]. A laser beam is focused 
on the center of the membrane during the measurement. The 
membrane is covered by a 20 nm thick Al layer in order to 
obtain reflectivity. The signals are also captured by the oscil-
loscope with the sampling rate of about 3  ×  107 MS s−1, so 
each signal contains several millions points. Before extraction 
of the membrane deflection, the signals are downsampled in 
order to get rid of noise and to reduce the calculation time. As 
a result, deflection curve typically contains several thousand 
points. Degradation of the electrodes is investigated for the 
samples with the transparent membrane.

3. Results and discussion

3.1. Actuation by the pulses of various frequencies

To achieve a better performance of the actuator, it is necessary 
to choose the frequency f  of the AP pulses that provides the 
largest deflection of the membrane. Figure 2 shows the time 
dependence of the deflection when a single series of pulses 
is applied to the electrodes. Four values of the frequency are 
used: 100, 200, 400 and 500 kHz. The number of pulses N is 
chosen in such a way that the duration of the series (the active 
time) is ta   =  N/2f   =  20 ms. For f   =  100 kHz this number is 

4000, while for f   =  500 kHz the series consists of N  =  20 000 
pulses. The amplitude of pulses U is 13 V in all cases. The 
membrane moves upwards during the active time. The higher 
the frequency, the larger is the maximal deflection dmax 
(stroke). At f   =  100 kHz the membrane rises up to dmax  =  3.0 
µm, while at f   =  500 kHz the maximal deflection is dmax  =  5.3 
µm. The increase in the frequency from 100 to 200 kHz gives 
the largest increment of 1.6 µm to dmax. The further increase 
in the frequency increases the stroke by only 0.7 µm. After 
switching the pulses off, the membrane returns to the lowest 
position in 40–60 ms. This relaxation time is determined by 
the gas recombination rate and the elastic properties of the 
membrane.

The dependence of the stroke on the amplitude of pulses 
is shown in figure  3. The membrane deflection increases 
with U for all the values of f . The higher the frequency f , the 
larger is the stroke. Frequencies of 400 and 500 kHz provide 
close values. The difference between these frequencies is per-
ceptible only at U  =  12–14 V. During the measurement, the 
amplitude of pulses can be increased only up to a threshold 
voltage Uth, at which the explosion of a microbubble occurs 
in the chamber. The threshold voltage is about 14.5 V for the 
frequencies of 400 and 500 kHz. The stroke of 8–9 µm can be 
achieved in these cases. For f   =  100 and 200 kHz the explo-
sions happen at a slightly lower amplitude Uth  ≈  13.5 V. This 
is probably due to a larger size of nanobubbles generated at 
these frequencies [27]. The highest stroke that can be achieved 
at f   =  200 kHz is about 5 µm, while at f   =  100 kHz one can 
reach dmax  =  3 µm. It is worth noting that the obtained values 
of Uth are valid only for the selected ta  =  20 ms. The threshold 
voltage is higher for the shorter series [33], since the higher 
amplitude of pulses is needed to reach the critical concentra-
tion of nanobubbles during the shorter active time.

Deflection of the membrane at f   =  500 kHz is consistent 
with our previous results. For a 20 ms long series, the ampl-
itude of 10.0–13.4 V provided the stroke of 2.3–8.3 µm 
[33], while in the present study the membrane deflects at  
1.3–8.9 µm when U  =  9–14 V is applied (figure 3).

Figure 1. A photo of the actuator. The insets show a close-up view 
of the working chamber and a schematic cross-section of the device.

Figure 2. Deflection of the membrane as a function of time. Voltage 
pulses of the AP are applied to the electrodes during the first 20 ms. 
The amplitude of pulses is U  =  13 V and the frequency f  varies 
from 100 to 500 kHz.

J. Micromech. Microeng. 29 (2019) 114001
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3.2. Cyclic operation at a low operating frequency

Cyclic operation of the actuator is realized when series of 
pulses are repeated with the operating frequency f c. The device 
is driven by a series of N  =  20 000 pulses with the frequency 
f   =  500 kHz and the amplitude U  =  13 V. The active time is 
ta  =  20 ms in this case. At these parameters the relaxation 
time of the membrane is 40–60 ms as can be seen in figure 2. 
One has to take this time into account when choosing the time 
interval between the series (passive time tp ). If tp   =  80 ms, the 
operating frequency is f c  =  1/(ta  +  tp )  =  10 Hz. The mem-
brane deflection at this frequency is shown by a blue line in 
figure 4. The membrane has enough time to return to the lowest 
position when the pulses are switched off. In the first cycle 
the stroke is dmax  =  5.1 µm. It increases during the first few 
cycles as the chamber is saturated with nanobubbles, and then 
it stabilizes at dmax  =  6.1 µm. At each cycle, the volume of 
the chamber is increased on ΔV  =  πr2dmax/2  =  0.6 nl, where 
r  =  250 µm is the chamber radius. An ideal pump (a pump with  
100%-efficiency) based on this actuator would pump a liquid 
with an effective flow rate of R  =  f cΔV  =  0.36 µl min−1.

One can see that after the first actuation the membrane 
goes below its zero position (figure 4, blue line). The same 
phenom enon is observed when a single series of pulses is 
applied to the electrodes, see figure 2. Before each test some 
overpressure is created in the chamber by a syringe, so that the 
membrane is deflected without applying voltage. This deflec-
tion is taken as a zero level. During the first few actuation 
cycles this pressure is partially released, which gives negative 
values of the deflection. After several cycles the bottom posi-
tion of the membrane stabilizes at about  −0.5 µm.

The membrane moves downwards with variable speed. The 
deflection is reduced by a half in the first 10 ms of the passive 
time, but then the movement is slowed down (figures 2 and 4). 
This can be explained as follows. When the membrane is in the 
upper position, the concentration of nanobubbles is high. The 
hydrogen and oxygen nanobubbles are densely packed, which 
facilitates the gas recombination. Due to recombination the 
concentration of nanobubbles is reduced and the recombination 

process becomes slower. It is preferable to exclude this slow 
movement in order to increase the operating frequency. This 
can be done by reducing the passive time. Operation at f c  =  25 
Hz is shown by the red line in figure 4. A series of pulses with 
the same parameters as in the case of f c  =  10 Hz is applied 
to the electrodes, but tp  is reduced to 20 ms. The first cycle 
moves the membrane nearly as high as at f c  =  10 Hz. The 
stroke is somewhat smaller (4.3 µm versus 5.1 µm), since the 
electrodes were oxidized during previous operation. The next 
series is applied before the membrane returns to the lowest 
position. Not all gas is terminated, and the new cycle starts 
from a nonzero deflection of the membrane. The starting posi-
tion of the membrane gradually rises and stabilizes at 1.7 µm 
during the first 5–7 cycles. In the stable regime the stroke (the 
amplitude of oscillation) reaches the value dmax  =  4.5 µm. 
This value is lower than the stroke at f c  =  10 Hz, but the effec-
tive flow rate R  =  0.66 µl min−1 is higher due to higher f c.  
When the driving pulses are switched off, the membrane 
returns to its ‘true’ lowest position.

It is worth noting that the increase of the operating fre-
quency by the reduction of the passive time has a limitation. 
If tp  is too short, the concentration of nanobubbles may reach 
a critical value and an explosion may happen even at U  <  Uth. 
During the explosion a bubble grows in the chamber that iso-
lates the electrodes from the electrolyte and normal cyclic 
operation fails. For the series of pulses used above, the regular 
operation of the device in the non-explosive mode is well 
achievable at tp   ⩾  ta.

3.3. Cyclic operation at a high operating frequency

The operating frequency can be increased further by shortening 
the active time. Figure 5 shows the membrane deflection when 
a series with ta  =  2 ms is applied to the electrodes. A shorter 
series provides a lower stroke. At the amplitude U  =  13 V that 
has been used previously the membrane deflects less than 0.3 
µm. It is necessary to increase U in order to obtain a larger 
stroke. At U  =  17 V the deflection reaches 0.8 µm. For the 
chosen active time the threshold voltage is about 18 V. One 

Figure 3. Dependence of the stroke on the amplitude of pulses 
for different frequencies. The amplitude is restricted by the 
threshold voltage. The actuator is driven by a single series of pulses 
ta  =  20 ms long.

Figure 4. Cyclic operation of the actuator at f c  =  10 and 25 
Hz. The process is driven by a series of N  =  20 000 pulses with 
f   =  500 kHz and U  =  13 V. At f c  =  25 Hz only ten series are applied 
to the sample.

J. Micromech. Microeng. 29 (2019) 114001



I V Uvarov et al

5

can see that even with such a small stroke the relaxation time 
of the membrane is about 50 ms.

During the active time the deflection grows linearly with 
time. Then it is reduced slightly and grows again reaching a 
maximum at t  ≈  7 ms. It can be explained by competition of 
two processes: growth and termination of nanobubbles. The 
concentration of nanobubbles located near the electrodes 
is the highest and these bubbles are terminated first. At the 
same time, due to high supersaturation the gases dissolved 
in the electrolyte continue entering the existing nanobubbles 
resulting in the rise of the pressure in the chamber. Finally, the 
termination of gases prevails, when the concentration of dis-
solved gases is close to the saturated one.

Cyclic operation of the actuator driven by a series with 
ta  =  2 ms is shown in figure  6. When the passive time is 
tp   =  18 ms, the device operates at f c  =  50 Hz. In order to 
obtain the frequency of 100, 150 and 200 Hz, tp  is reduced 
to 8.0, 4.7 and 3.0 ms, respectively. The smaller tp , the higher 
is the offset in the membrane deflection during the first few 
cycles. At f c  =  200 Hz it stabilizes at about 6.5 µm. Increase 
of the operating frequency leads to a longer stabilization time. 
At f c  =  50 Hz the actuator reaches the stable regime in 40 ms 
(two cycles), while at f c  =  200 Hz the stabilization takes more 
than 300 ms.

At f c  =  50 Hz the stroke is dmax  =  0.6 µm, which corre-
sponds to the maximum deflection for a single series. At this 
frequency dmax is stabilized nearly from the very beginning, 
but at higher f c the stroke increases during the stabilization 
time. At f c  =  200 Hz it grows from 0.6 to 1.5 µm. It has to be 
stressed that the higher the operating frequency, the larger is 
the stroke in the stable regime. A combined increase of f c and 
dmax gives a significant increment of the effective flow rate. At 
f c  =  50 Hz the pump would have R  =  0.19 µl min−1, while 
for f c  =  200 Hz the flow rate would be R  =  1.81 µl min−1.  
The dependence of R on f c is non-linear, since the two factors 
make a contribution (see figure  7). We relate the long-time 
satur ation of the membrane deflection with the balance 
between generation and termination of the gases. The faster 
the voltage is switched between on and off positions, the 
higher saturated concentration of nanobubbles can be reached 

in the chamber. It explains why the amplitude of the mem-
brane oscillations increases with f c. This phenomenon can be 
observed at lower amplitude of pulses, but the passive time 
has to be reduced in order to reach a high concentration of 
nanobubbles. For U  =  13 V that has been used in the low-
frequency experiment, tp   <  1 ms is needed, which is below the 
limit of the signal generator.

It is worth noting that the operating frequency of 200 kHz 
is not the limit. Cyclic operation at f c as high as 667 Hz 
with the stroke of 2 µm was demonstrated previously [33]. 
However, it was necessary to increase the amplitude of pulses 
up to U  =  22 V due to a short active time of ta  =  0.5 ms. Such 
a high-voltage operation is not analyzed in this work.

An important characteristic of the actuators is the power 
consumption P. It is calculated from the waveforms of 
the voltage U(t) and the current I(t) flowing through the 
electrodes:

P = fc

ˆ ta

0
U(t)I(t)dt. (1)

The power consumption increases with the operating frequency, 
as one can see in figure 7. The actuator consumes 73 mW at 
f c  =  50 Hz, while at f c  =  200 Hz this value is P  =  587 mW.  
Unlike the effective flow rate, P grows almost linearly with f c.  

Figure 5. Time dependence of the membrane deflection for a 
single series of N  =  2000 pulses with f   =  500 kHz applied to the 
electrodes. The amplitude of the pulses varies from 13 to 17 V.

Figure 6. Cyclic operation of the actuator at operating frequencies 
of 50–200 Hz. The process is driven by a series of N  =  2000 pulses 
with f   =  500 kHz and U  =  16 V.

Figure 7. The dependence of the calculated flow rate and the power 
consumption of the actuator on the operating frequency.

J. Micromech. Microeng. 29 (2019) 114001
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However, it is reasonable to characterize actuators by the 
power consumed per unit flow rate that has a meaning of 
the energy needed to pump over a unit volume. This power 
goes down as the frequency increases. At f c  =  50–100 Hz 
this value is 433 mW (µl min−1)−1, while at f c  =  200 Hz it is 
324 mW (µl min−1)−1. When the operating frequency is low  
(10–25 Hz), the actuator consumes 400–500 mW per 1 µl min−1.  
Thus, higher operating frequency is more beneficial.

The power consumption of the actuator P ~ 100 mW is quite 
high. There are two main reasons for such a high consump-
tion. First, not all the produced gas performs the mechanical 
work. The AP electrolysis generates not only H2 and O2 
nanobubbles, but also a large number of bubbles containing 
mixtures of H2 and O2 [29]. The latter bubbles disappear very 
fast in the reverse reaction, which is ignited in nanobubbles 
spontaneously. These nanobubbles do not contribute to the 
mechanical work. According to the estimates less than 10% of 
the generated gas molecules are responsible for the pressure 
rise in the chamber [29]. The second reason is the oxidation of 
titanium electrodes during operation, which is responsible for 
high applied voltage. Degradation of the electrodes related to 
their oxidation is discussed in the following section.

3.4. Long-term operation

Durability of the cyclic operation is investigated at f c  =  10 Hz. 
The process is driven by a series of N  =  20 000 pulses with 
f   =  500 kHz and U  =  12 V. The active and passive times are 
20 and 80 ms, respectively. The device works in this regime 
for 30 min. Figure 8 shows how the stroke changes with time. 
At the beginning of the test the membrane deflects at 4.7 µm, 
and by the 30th minute dmax decreases to 1.0 µm. The most 
dramatic drop occurs in the first five minutes of operation. 
The stroke can be partially restored by making the amplitude 
of pulses higher. Increasing U to 15 V at the 31st minute of 
the process enlarges dmax to 3.1 µm. However, it drops again 
to 1.0 µm during the next 30 min. Increasing the amplitude of 
pulses to 18 V at the 61st minute of the test raises the stroke 

to 3.5 µm, but not for long. The same behavior of the stroke 
is observed for all frequencies of the driving pulses, but for 
the smaller f  it drops more rapidly during the first minutes of 
operation, see figure 8.

The stroke is determined by the amount of the gas gener-
ated during the active time. This amount is governed by the 
Faraday current flowing through the electrochemical cell [29]:

M =
3
4e

ˆ ta

0
IF(t)dt, (2)

where M is the number of produced gas molecules, e is the 
absolute value of the electron charge and IF(t) is the Faraday 
current. If the electrode material is not modified chemically in 
the electrolysis, the current flowing through the cell consists 
of two components [34]. The first one is the Faraday cur-
rent that is constant during a microsecond voltage pulse. The 
second component corresponds to the charging–discharging 
of the double layer on the electrode surface and is not related 
to the electrochemical reaction. The total current is well fitted 
by the following time dependence [34]:

Figure 8. Time dependence of the stroke during the cyclic 
operation at f c  =  10 Hz. The blue line corresponds to the actuator 
driven by a series of N  =  20 000 pulses with f   =  500 kHz. The 
amplitude of pulses is U  =  12 V during the first 30 min. Then it 
increases to 15 V and to 18 V. The red line corresponds to another 
sample driven by a series of N  =  8000 pulses with f   =  200 kHz.

Figure 9. The driving voltage and the current flowing through the 
electrodes during the active time. The frequency of voltage pulses 
is f   =  500 kHz and the amplitude is U  =  12 V. The solid red line 
corresponds to the current captured at the first minute of the long-
term test. The dashed and dotted lines show the current at the 3rd 
and 30th minutes, respectively.

Figure 10. The driving voltage and the current flowing through 
the electrodes at various f . The amplitude of voltage pulses is 
U  =  13 V. The voltage is shown for f   =  200 kHz only. The solid and 
dashed red lines correspond to the current at f   =  200 and 400 kHz, 
respectively.
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I(t) = IF + I1e−t/τ , (3)

where I1 is a constant and τ is the relaxation time related to the 
capacitance of the double layer.

However, in our case IF cannot be extracted using this 
approach due to a peculiar shape of the current pulse. Two 
periods of the driving voltage and the current are shown in 
figure  9. At the beginning of the test, the current pulse has 
a peak and a flat region that is followed by a fall. The peak 
corresponds to the charging–discharging of the double layer, 
but the Faraday current is not constant during the voltage 
pulse. To all appearance, an additional component, which is 
responsible for the oxidation-reduction of titanium electrodes, 
contributes to the current. The pulse changes the shape with 
time. The high-current plateau moves down and shortens, 
while the low-current plateau emerges (see the waveform 
captured at the 3rd minute). Finally, the characteristic hump 
disappears. Only the peak and the low-current plateau are vis-
ible at the 30th minute of operation. In order to compare the 
currents at different moments, we use the average current IAV 
flowing through the electrodes. The waveform is integrated 
over ta, and the obtained value is divided by this time interval. 
For the negative pulses we take the absolute values of the cur-
rent. The evolution of the shape results in the drop of IAV and 
in the reduced gas production. In the 1st minute the average 
current is IAV  =  69 mA, while for the 30th minute we obtain 
IAV  =  24 mA. In the AP electrolysis, an oxide layer is formed 
on the electrode over half of the period, but then it is reduced 
over the second half. To all appearance, the oxidation process 
dominates the reduction since the average current drops.

Analysis of the waveforms also reveals why the higher 
frequency of pulses provides the higher stroke. For the test 
described in Section 3.1 the current pulse has a peak, a flat 
region that is followed by the fall, and a flat region with a 
low current (see figure 10). The peak has the same size for 
all f . The flat regions shorten as the frequency increases, 
but the low-current region shrinks stronger. It is almost 
absent at the waveform corresponding to f   =  400 kHz. As 
a result, the average current increases with f  that correlates 
with the increase of the stroke. For f   =  100 kHz the calcul-
ation gives IAV  =  29 mA, while for f   =  500 kHz we obtain 
IAV  =  42 mA.

The oxidation manifests itself as a darkening of the elec-
trodes, see figure 11. It is known from the DC electrolysis that 
an oxide film formed on the titanium anode changes the color 
due to light interference [35]. At the initial stage of growth 
the film is yellow, and then it turns brown as the thickness 
increases [35, 36]. In the AP process, each electrode peri-
odically plays the role of anode and, therefore, undergoes 
the oxidation and changes the color. The edge of the inner 
electrode and the corners of the outer electrode are darker 
than the other parts due to the higher current density in these 
places. The darkening is observed at all frequencies of pulses, 
but for lower f  it is more pronounced. To all appearance, for 
low frequencies the electrodes are oxidized faster. It is worth 
noting that except of oxidation no other sign of degradation is 
observed in the non-explosive regime.

The oxidation increases the power consumption of the 
actuator, since one has to increase the amplitude of pulses in 
order to maintain the stroke at the sufficient level. At the 3rd 
minute of the test the membrane deflects at 3.0 µm (figure 8). 
The amplitude of pulses is U  =  12 V, and the device consumes 
P  =  104 mW. At the 31st minute the stroke has a close value of 
3.1 µm, but at the higher amplitude of U  =  15 V. In this regime 
P  =  191 mW. At the 61st minute dmax  =  3.4 µm at U  =  18 V. 
The power consumption increases to 227 mW. Therefore, the 
problem of electrode degradation is crucial for the actuator 
based on the AP electrolysis. It is desirable to use a material 
that is not oxidized during operation. Noble metals such as 
gold or platinum do not undergo oxidation, but they cannot 
withstand a high current density of the AP process [34, 37]. 
Titanium demonstrates the best durability, but the oxidation 
problem has to be overcome. One possible way is to choose 
the deposition conditions of Ti that suppress the oxidation. 
Another way is to select the operation regime, in which the 
oxidation process is compensated by the reduction. This can 
be done by increasing the amplitude of the reduction voltage 
pulse. For the actuator with two electrodes this method will 
not work, because stronger reduction of one electrode leads 
to stronger oxidation of another electrode. Nevertheless, this 
idea can be realized in the three-electrode system, where one 
electrode is grounded and the other electrodes can be oxidized 
and reduced independently. We plan to implement these tech-
niques in order to enhance the performance of the actuator.

Figure 11. Optical image of the working chamber: (a) the fresh sample; (b, c) the samples tested at f c  =  10 Hz during 60 min. The samples 
(b) and (c) were driven by the pulses with f   =  500 and 200 kHz, respectively. In both cases U  =  12 V and ta  =  20 ms.
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4. Conclusion

Operation of the fast electrochemical actuator in the non-
explosive regime was investigated in detail. The device 
was driven by a series of AP voltage pulses. The frequency 
of the pulses was varied from 100 to 500 kHz. A higher 
frequency provides a larger membrane deflection. In addi-
tion, it allows operation at higher amplitude of the pulses 
without explosions. Therefore, even larger stroke can be 
achieved. When the pulses are switched off, the membrane 
returns to its initial state in 40–60 ms. This relaxation 
time is determined by the gas recombination rate and the 
elastic properties of the membrane. When the time interval 
between the series exceeds the relaxation time, the mem-
brane returns to its initial position at each cycle, but the 
operating frequency of the device is limited by 10–20 Hz. 
If the passive time is shorter than the relaxation time, the 
gas is collected in the chamber and the membrane oscil-
lates in the lifted position. The magnitude of the lift reaches 
6–7 µm. A high concentration of nanobubbles is always 
maintained in the chamber, providing a faster recombina-
tion of the gas. The stroke of the membrane increases with 
the operating frequency, which makes the higher frequency 
more beneficial in terms of power consumption. However, 
the actuator consumes a fairly high power ~100 mW. One 
of the reasons is the oxidation of titanium electrodes, which 
reduces the current flowing through the electrolyte and the 
amount of the gas produced during the active time. The 
stroke decreases in the long-term operation, and one has 
to increase the driving voltage in order to maintain it. At a 
high frequency of the pulses the oxidation goes slower, but 
still significantly affects the performance of the actuator. 
Nevertheless, titanium electrodes demonstrate no signs of 
destruction in the non-explosive regime.
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