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Abstract
Alternating Current Electrothermal (ACET) micropumps are a well-documented flow induction and mixing method. This 
phenomenon has significant promise as a reliable microfluidic pumping method for high conductivity biofluids, such 
as cerebrospinal fluid, urine, or blood. Practical implementations so far have been limited by complex designs focused 
on maximized flow rates, typically in only one direction at a time. This paper describes a device geometry demonstrat-
ing, and quantifying for the first time, fully reversible flow, that is, going from 100% flow in one direction to fully sym-
metrical 100% flow in the opposite direction. This design incorporates multiple features targeted at practical fabrication 
and applications. The design enables fine-tuning of flow speeds via adjustable signal strengths in a unique manner 
compared to traditional ACET devices. A full numerical simulation of this device has been performed within this work. 
Additionally, this paper reports several methods for increasing usability of ACET devices, including proposing coatings 
to prevent electrolysis and increase flow rates without the risk of fluid reactions, manufacturing methods for ease of 
handling, and specific device parameters for implementation in microdevices. The development of an ACET device that 
can precisely and efficiently pump and extract fluids allows for new applications in integrated biological systems and 
monitoring devices.
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1  Introduction

Miniaturization of biomedical lab-on-a-chip devices is 
key in transitioning to point-of-care medicine, by reduc-
ing power consumption, sample size, analysis time and 
device footprint. This enables precise analytics without 
the use of large benchtop systems. The AC Electrothermal 
(ACET) technique has shown high effectiveness in the 
transport and mixing of conductive biofluids, required for 
miniaturized lab-on-a-chip systems [3, 19, 20, 25]. Through 
the production of vortices in the fluid, ACET is also capable 
of simultaneously mixing and transporting fluids [3, 19]. 
ACET is the only electrokinetic based technique capable 

of interacting with high conductivity fluids (> 1 S/m) at 
relatively low voltages (< 10 VRMS) [28], making it a practi-
cal biofluid pumping technique when compared to other 
electrokinetic techniques, that typically require tens to 
hundreds of volts [12, 14, 18].

ACET devices have seen applications in microfluidics 
focusing on the mixing of solutions for cell aggregation, 
cell sorting, and pharmaceutical testing [3, 9, 11, 13], with 
further applications in miniaturized droplet mixing, bioas-
says, open channel microfluidics, and contact line dynam-
ics [5–9, 21, 22]. Unfortunately, however, these applications 
typically rely on external monitoring systems, negating the 
usefulness of the miniaturization. To increase versatility, 
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ACET pumps should have a fine degree of control over both 
flow and directionality. Flow reversal has been documented 
in relatively high conductivity solutions (0.02 S/m) [10] exclu-
sively through the use of a 1 kHz signal at 5.3 V, which may 
reorient the flow through the AC electroosmotic (ACEO) 
effect. While an interesting phenomenon, this flow reversal 
is highly specific to set conditions and device geometry and 
does not lend itself to practical device implementation. The 
current work reports a geometry applicable to fully control-
lable bi-directional, practical ACET micropump fabrication 
and characterizes the flow reversibility outcomes. While 
Vafai et al. propose a similar design, and state reversible flow 
direction was possible, it is reported without any quantifica-
tion. In this work characterization of the direction switching 
and the use of differential voltages on pairs of control elec-
trodes is unique, particularly when considering most revers-
ible phenomenon have been investigated in proximity to 
single control electrodes [10, 26].

1.1 � Theory

ACET Theory is well documented [1, 2] and is summarized 
as follows. ACET flow is derived from the energy balance 
equation in which an electric field applied across a conduc-
tive fluid induces joule heating. We see the equation for the 
temperature field in the solution through Eq. 1 [4].

where k is the thermal conductivity of the solution, � is the 
electrical conductivity, E represents the electric field, �E2 
is the Joule heating term, and ∇T is the thermal gradient. 
Additionally, the electric field in a non-changing dielectric 
can be modelled using Eq. 2.

where � represents field potential. By combining Eqs. 1 
and 2 into the Navier–Stokes equation, assuming a lami-
nar incompressible fluid flow and negligible effects due to 
gravity or buoyancy, we have the resultant Eq. 3 detailing 
the effects of AC electrothermal force on flow [1, 4].

where p represents the pressure vector field, � represents 
dynamic viscosity, u represents the fluid velocity field and 
Fe represents electrothermal force, which is given in time 
averaged form below [20]. It is important to note that � will 
vary with temperature fluctuations.
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The equation for electrothermal force assumes the 
change with respect to temperature for electric permit-
tivity, given by α, and conductivity, given by β, are − 0.4% 
K−1 and 2% K−1 respectively [20].

2 � Materials and methods

The simulations presented here are built on experimen-
tally validated simulation work and modifications to pre-
viously published electrode designs [17, 19, 23, 24]. The 
simulations are completed in a standard Multiphysics 
simulation software (COMSOL). Potassium Chloride (KCl) is 
used as the working fluid—with an electrical conductivity 
equal to 0.224 S/m and a temperature dependent dynamic 
viscosity [17]. KCl is chosen as an appropriate simulation 
material due to its conductivity of a similar magnitude to 
that of biofluids, and its prevalence in prior reported work 
for ease of comparison [11]. As the ACET force proportion-
ally increases with fluid conductivity, higher conductivity 
biofluids (> 1 S/m) will experience higher flow rates [4, 20]. 
Figure 1a–c shows the boundary conditions and new elec-
trode geometry, featuring two thin electrodes adjacent to 
either side of a wide electrode on both the top and bot-
tom of a microfluidic channel. These boundary conditions, 
described in the caption of Fig. 1 and Table 1, were cho-
sen to simulate realistic conditions in which an ACET elec-
trode micropump will operate, including normal ambient 
temperatures and no slip conditions at the walls. A zero 
pressure point is chosen at the fluid inlet, as it is required 
for accurate Multiphysics simulations, and these ACET sys-
tems will not be subject to external forces [29]. Figure 2 
shows a top down view of ACET electrodes fabricated on 
a silicon substrate for reference. These three electrodes 
can be treated as one entity and repeated as functional 
units. Multiple substrates and substrate thicknesses are 
analyzed for thermal properties and overall effect on fluid 
flow, keeping in mind a focus on practical microfabrication 
and implementation. Specific property values used in the 
simulations are shown in detail in Table 1. Electrode spac-
ing parameters were selected, and varied where appro-
priate, from previous work regarding channel electrode 
geometry optimization [17].

A 2D model was used to study the bidirectional flow 
rather than a 3D model, as it has been shown to have a 
negligible difference on results when compared to experi-
mental results [16, 17]. An automatic triagonal mesh size 
“extra fine” was applied in COMSOL to the entire model, 
as the “extremely fine” mesh size yielded a difference in 
flow of only 0.158% from the “extra fine” mesh. The “extra 
fine” mesh produced more than 16,000 elements in each 
simulation.
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2.1 � Practical fabrication

The simulations performed in this work use an aligned 
ACET electrode array on both the top and bottom of the 
channel. This has been previously shown to increase chan-
nel flow rates by 107% [17] when compared to traditional 
ACET geometry devices. While alignment of both top and 
bottom channels poses a significant challenge, misalign-
ments can be utilized to provide significant fluid mixing 
without sacrificing flow rates, and has been reported in 
prior work [19]. Simultaneous mixing is a desirable out-
come in microfluidic devices [3, 12, 27].

As will be discussed later in the work, the electrodes 
can be fabricated using standard photolithography and 
etching techniques, with the potential application of a 
dielectric coating performed using a basic shadowmask 

over the electrode area of interest. Ultimately the sub-
strates selected for simulation were chosen based on 
ease of manufacturability, and practical handling con-
siderations for end-stage fabricated devices.

The external electronics to an ACET device, while cur-
rently quite large for use in lab settings, can be minia-
turized through the use of a microcontroller with high 
quality DACs, charge pump converters, and filtering 
electronics. While the design of such a system is feasible 
and applicable to practical fabrication, it would require 

Fig. 1   The boundary conditions and parameters applied to the 
electrostatics, heat transfer, and laminar flow modules in a 2D 
COMSOL (v5.4) model. The model is completely symmetrical about 
the x–z plane, excluding the pressure point constraint applied to 
the bottom right corner of the channel as shown in Fig. 3b. a The 
physical geometry of the model in the x–y plane. The electrodes are 
shown as solid black rectangles, but are assumed to be completely 
planar in the COMSOL model for the purposes of this paper. b The 
boundary conditions applied to the model in the x–y plane. Peri-
odic conditions are applied to the left and right boundaries of the 
substrate (only applicable for heat transfer) and the channel. c Is a 
cross-sectional view of the geometry in the y–z plane

Table 1   Boundary conditions used in COMSOL simulations

Full settings and boundary conditions used for the COMSOL simu-
lations of electrodes, materials, and microchannel

Property Simulation value

Input signal
 Frequency 100 kHz
 Vrms 7 V
 Ambient temperature 293.15 K

Fluid: KCl
 Viscosity at 293.15 K 1.05e−3 Ns/m2

 Heat capacity at constant pressure 4181 J/kgK
 Density 999 kg/m3

 Thermal conductivity 0.598 W/mK
 Ratio of specific heats 1
 Electrical conductivity 0.224 S/m
 Relative permittivity 80.2

Substrate: glass
 Heat capacity at constant pressure 480 J/kgK

Density 2200 kg/m3

Fig. 2   A planar, top down, view of the ACET electrode design, 
dimensions. In channel, fluid will flow from left to right, or from 
right to left
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extensive experimental testing and falls outside the 
scope of this work.

3 � Results and discussion

The electrode geometry presented here resulted in a 
maximum flow rate in either direction as selected in the 
microfluidic channel. In addition, the flow rate direction 
can be reversed quickly by alternating the location of the 
input signal with respect to the major ground plane elec-
trode. This is not possible with traditional ACET electrodes, 
where the flow direction is in one direction only and set at 
the start of experiments by the electrode physical geom-
etry. Being able to switch between flow directions, and 
have maximum flow rate in either direction, has not been 
previously shown. Traditional ACET devices have flows 
in the range of 60–100 µm/s [22, 24, 27], however these 
flows are typically exaggerated through thermal biasing, 
which is damaging to biofluids, or for high voltage appli-
cations (> 10 VRMS). We report flow rates, calculated using 
the methods described in Fig. 1b, of up to 107.51 µm/s 

with the temperature remaining within a range accept-
able for biofluid processing without damage—299.27 K 
at max velocity—and at low voltages (< 10 VRMS) which 
will not negatively interact with biofluids or cause degra-
dation of electrodes [17]. The modifications made to the 
electrode geometry, substrate material and thickness, 
and electrodes on both the top and bottom of the chan-
nel increases flow rates, and thus practicality of the micro-
pump. These flow rates can be dramatically increased by 
increasing channel height [17], but for the sake of con-
sistency in comparison of flow rates between journals, 
standard channel dimensions have been used, namely a 
250 micron channel height.

As expected, and seen in Fig. 3a, b the flow profiles 
are symmetrical in either direction. Full flow reversal is 
obtained in 1.31 s, and temperature equilibrium in 0.66 s, 
when assuming 1 ms to shift location of the applied volt-
age between the electrodes. In addition to the implemen-
tation of fully controllable, bidirectional flow, an efficiency 
increase of ~ 1% from dual-sided ACET electrode geom-
etries [17, 19] is observed when the second small electrode 
is held at 0 V. This may be due to the large-small ground 

Fig. 3   The velocity profile in the x-direction and flow streamlines 
resulting from the 2D simulation. a Results in a net flow to the left 
(in the negative direction by convention), while b results in a net 
flow to the right (in the positive direction). In a the rightmost small 
electrode is set to Vrms, and in b the leftmost small electrode is set 

to Vrms. These figures show that the flow is 100% reversible. With 
the change in voltage happening between 2 and 2.001 s, c–e show 
the process of the flow being reversed at 2.10 s, 2.18 s, and 2.26 s 
respectively. f Represents the colour scale used in a–e, where the 
speeds are shown in m/s
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electrode pair acting as one large “virtual ground” elec-
trode, leading to a more condensed electric field, with less 
variance at further distances from the electrode. This effect 
may cause slightly higher flows as a more uniform electric 
field at further distances from the source electrode will 
induce less turbulence. Experimental testing to confirm 
this is required. And will be the subject of future work.

ACET electrodes in experimental models do experi-
ence electrolytic degradation [18, 24, 25], and as such, the 
coating of electrodes in a protective or sacrificial mate-
rial becomes necessary at higher voltages. A commonly 
used electrode insulation material is Silicon Dioxide (SiO2) 
or similar silicon base materials due to their insulating 
properties [15, 24]. We investigated electrode insulation 
parameters and the corresponding effect on channel flow, 
which revealed a relationship primarily based on the ther-
mal conductivity and electric permittivity of the coating 
materials. As seen in Fig. 4 a non-conductive material with 
low thermal conductivity and high electric permittivity is 
ideal. In Table 2 a brief list of some materials capable of 
being used in microfabrication are compared, focusing on 
metal oxides, which have typically low thermal conductivi-
ties, high relative permittivities and are non-conductive. 
Figure 5 shows the channel flow values observed through 
a number of highly relevant coating materials compared 
to flow in a channel without a coating. Importantly, some 
of the simulated materials are used to illustrate the con-
cept, such as Lead Oxide, which is actually an infeasible 

material for use with biological systems, as it is not bio-
compatible. Of note, is that the materials which provide 
the highest flow rates are titanium oxide compounds. As 
ACET devices are typically low voltage (< 10 VRMS) we do 
not predict issues regarding dielectric breakdown in high 
field strengths. Conversely, the alternating signal effects 
on a capacitive dielectric may have profound impacts on 
channel flow rates that are not addressed by the COMSOL 
model, and as such, further simulation and experimental 
work must be performed. Ultimately, the use of a dielectric 
coating will allow for increased channel voltages, leading 
to higher flow rates with significantly less potential for 
electrochemical interference between channel fluid and 
electrodes, allowing for more relevant and more feasible 
ACET pumps to be created.

Multiple sets of electrode geometry paired with differ-
ent substrate parameters were then analyzed with respect 
to effect on temperature and flow fluctuations, as shown 
in Fig. 6 and Table 3. It was found that silicon substrates 
yielded a decrease in flow to 43.94 µm/s (59.1% decrease) 

Fig. 4   Results from a 2D simulation of a hypothetical, 100 nm thick 
insulating material at different values of kiso and ε. Asterisk indi-
cates the material properties extend beyond the boundary of the 
axis. Flow measurements are built on assumed planar topology of 
electrodes as previously shown in Fig. 1. This work is indicative of 
the potential of a dielectric coating to maintain approximate chan-
nel flow rates without risk of damage to the driving electrodes

Table 2   Material properties of insulative coatings

Material properties of various proposed simulation materials used 
in COMSOL simulations. Values are sourced from internal COMSOL 
material properties database

Material Thermal conductivity (W/
mK)

Relative 
permittivity (
�0
)

SiO2 1.4 4.2
Si3N4 30 7–8
Diamond 2500 5.7
Ti02 4.8–11.8 85
Si 130 11.7
PDMS 0.16 2.75

Fig. 5   Results from a 2D COMSOL simulation of 100  nm coatings 
of various metal oxides and a commonly used microchannel poly-
mer, PDMS, against the baseline flow rate of no coating. The ini-
tial results show higher flow rates associated with metal oxides, as 
opposed to polymers or non-metal oxides
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and in temperature to 294.58 K (1.6% decrease), which is 
consistent with previous published ACET work [18]. The 
100 µm thick glass used as a base substrate provides prom-
ising results for flow and temperature, but is inherently 
delicate and difficult to work with in practical devices. A 
more practical 500 µm glass substrate increases flow by 
31.3–141.11 µm/s, but raises the temperature to 312.45 K, 
which is near the threshold of damaging biofluids. Coat-
ing a 500 µm copper layer to the bottom of the 100 µm 
glass layer marginally increases the flow rate (< 0.1%) and 
temperature (< 0.1%) while making a practical, fabricated 

device easier to handle, removing the need for a thin, brit-
tle, glass substrate, while maintaining safe operating con-
ditions for biofluid applications.

The geometry of two small voltage-adjustable elec-
trodes opens the possibility of changing one electrode to 
be Vrms and the opposing electrode to be nVrms where n is 
some fractional value between 0 and 1, enabling precise 
tuning of flow speeds. Setting n = 0.5 results in a flow of 
99.3 µm/s, corresponding to an 8% reduction in flow. Set-
ting n = 1 will reduce the speed to near zero, as the system 
becomes a symmetrical heater. We report the relationship 

Fig. 6   These images illustrate the effect that the substrate material 
can have on velocity, using a silicon substrate. a The x-component 
of velocity and streamlines obtained, using the same colour scale 
depicted in Fig.  2f, while b is the temperature field of the silicon 

model with a maximum temperature of 294.58 K. c, d The velocity 
profile and the temperature field of the model with the glass sub-
strate, for comparison. Simulations of the glass substrate give a 
maximum temperature of 299.27 K
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between n and fluid velocity, seen in Fig. 7. By adjusting 
n, the micropump flow rate becomes adjustable to a high 
degree of accuracy. Commercially available microfluidic 
pumping systems typically have both coarse and fine flow 
adjustment capabilities. With the device reported here, 
voltage adjustments to the primary working electrode 
provide coarse fluid control, and voltage adjustments to 
the secondary small electrode provide fine fluid control. 
Ultimately these parameters result in an ACET device that 
can be considered finely tuneable and highly controllable, 
which separates this design from standard ACET configura-
tions, which cannot precisely control flow rates based off 
input voltage to the traditional two electrodes.

4 � Conclusion

This work reports an ACET electrode configuration that 
enables full control over bidirectional flow in a microchan-
nel and, primarily, the details of operation surrounding the 

device that enable implementation in future practical sys-
tems. The paired symmetrical electrode design addition-
ally allows for fine-tuning of flow rates for further appli-
cations in precision devices, which has not been shown 
to be feasible with high accuracy using traditional ACET 
designs. The extent to which flow is reversible has been 
characterized, indicating applications in future microflu-
idic pumping/extracting systems. Simulations of electrode 
coatings show a practical method to deal with existing 
issues surrounding electrolysis of electrodes, leading to 
increased long-term usability, and safer operation of high-
speed channel flows without risk of fluid-electrode interac-
tion. The ability for ACET to be used for both pumping and 
extracting purposes without the need for physical changes 
in electrode design or separate devices will significantly 
increase the usefulness and applicability of ACET in future 
biomicrofluidic applications.

Table 3   Geometries and parameters simulated

The configuration column shows the widths of the electrodes in a repeating unit, where there is a 20 µm gap between electrodes and the 
total repeating unit is 310 µm in length (see Fig. 1 for more information). Flow rates are obtained by multiplying the average speed by the 
channel depth, and are useful for comparing the volumetric flow rates that would be obtained in 3D

Configuration (µm) Configuration 
(µm)

Substrate material Substrate thick-
ness (µm)

uave (µm/s) Flow rate (µm2/s) Tmax (K)

20/120 250 Glass 100 106.34 26 586 299.05
20/120/20 250 Glass 100 107.51 26 878 299.27
20/120/20 250 Glass 500 141.11 35 278 312.45
20/120/20 200 Glass 100 103.21 20 642 299.24
20/120/20 250 Silicon 100 43.94 10 985 294.58
20/80/20 250 Glass 100 104.76 26 190 299.03

Fig. 7   A graph showing how 
the velocity varies with a 
voltage applied to the second 
small electrode, while keeping 
the first small electrode at 
7 V. This differential in volt-
ages from the central ground 
electrode will cause the field 
over the electrode to become 
slightly more symmetrical, 
both reducing speed and 
improving mixing. As this 
relationship follows the curve 
shown above, this can be used 
to fine tune the speed of the 
fluid in the channel with a 
higher degree of accuracy than 
simply by changing the input 
electrode voltage, as has been 
described in other works [20]
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