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a  b  s  t  r  a  c  t

We  demonstrate  a  thermal  bubble-driven  loop  actuator  for microfluidic  applications.  The  working  prin-
ciple  is  similar  to  that  of  human  being’s  heart.  The  actuator  consists  of  a  diverging  section  and  a circular
chamber.  A slim  microheater  was  deposited  on  the  back  surface  of  the  glass  cover,  facing  the  diverg-
ing  section  of  the  bottom  substrate.  The  Marangoni  effect  switches  the states  of a  “long”  bubble  during
the  pulse  duration  stage  and  a sphere  or  a circular  bubble  during  the  pulse  off  stage,  exporting  the pulse
pressure  and  yielding  a  large  convection  heat  transfer  at  the  vapor–liquid  interface.  Besides,  the  loop  con-
figuration  pumps  the  bulk  fluid  movement  around  the  loop.  The  above  features  protect  the  microheater
from  burnout  and  dissipate  the  Joule  heat  generated  by the  pulse  heating  to  the  supporting  structure  of
the  chip  substrate,  keeping  the  chip  at the  room  temperature  level.  The  newly  designed  loop  actuator  can
be integrated  with  microfluidic  systems.  The  loop  actuator  has  no moving  parts  thus  it  has  high  reliability.
Because  the  thermal  bubble  never  comes  out of  the  loop  actuator,  the  actuator  is attractive  for  biology
applications.  We  demonstrate  the  loop  actuator  used  for  mixing  enhancement.  The  low  pulse  frequency
such  as  10  Hz  yields  a wavy  mixing  interface,  but  the  high  pulse  frequencies  result  in  a  set  of  mixing
clouds  in  the  mixing  channel.  The  mixing  degrees  are  increased  with  increases  in  pulse  frequencies.  The
fluid samples  are  uniformly  distributed  across  the  channel  width  direction  for  the  pulse  frequency  of
100  Hz.  The  mixing  degree  can  reach  0.94  for a short  mixing  length  of about  a couple  of millimeter  at
the  pulse  frequency  of  100  Hz.  The  fluid  Reynolds  number  does  not  influence  the  mixing  degrees  in the
mixing  channel.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Mixing two fluids are now widely used in biology and biotech-
nology. Applications include analysis of DNA and proteins, high
throughput screening, chemical reactions, and transfer of small
volume of fluids (1–100 nl) of materials. Efficient, simple, and
reliable microfluidic devices are attractive to handle the mixing
process of two fluids [1].  Commonly, microfluidic devices with
the cross sectional dimension of l–100 �m are characterized by
low values of Reynolds number. Strategies for controlling flow in
microchannels should not depend on the inertia effects, because
these are only important for Re � 1. In other words, mixing two
fluids only depends on the molecular diffusion for the laminar flow
at low Reynolds number. The diffusive mixing is slow compared
with the convection of material along the channel. For the uniaxial
flows, the distance along the channel that is required for mixing
to occur is very long (�1  cm)  and grows linearly with the Peclet
number (Pe)  [1].

∗ Corresponding author.
E-mail address: xjl@ncepu.edu.cn (J.L. Xu).

In order to enhance the mixing in microchannels, special mecha-
nisms must be used to manipulate fluids to increase the interfacial
surface area, allowing the diffusion be completed in a short time
[2]. Various research groups have developed micromixers using
moving parts for generating vortex flow or varying pressure gradi-
ent, which are called active micromixers. Ultrasonic [3],  magnetic
microstirrer [4],  and bubble-induced acoustic mixing [5] are exam-
ples of active micromixers, requiring the use of external energy.
Because of their relatively high cost of the hardware components,
they are often not suitable for disposal systems. However, the
advantage of the active micromixers is that they can provide an
excellent mixing performance in a short time. On the other hand,
micromixer using no energy input except the fluid driving mecha-
nism (pressure head or pump) is called passive micromixer, having
the advantages of no complex control units, no additional input
energy, and low fabrication cost.

Various methods using pressure and/or flow filed perturba-
tion are proposed to promote the mixing in low Reynolds number
region. Glasgow and Aubry [6] analyzed the effect of the pulsating
flow rate in one inlet as well as in the two  inlets, and demon-
strate that the best results occur when both inlets are pulsed out
of phase. In that case, the interface is shown to stretch, retain
one fold, and sweep through the confluence zone, leading to good
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mixing within 2 mm downstream of the confluence, i.e. about 1 s
of contact. From a practical viewpoint, the case where the inlets
are 180◦ out of phase is of particular interest as the outflow is
constant.

Huang et al. [7] proposed a cross-shaped micromixer fea-
turing a pair barrier within the mixing channel. The proposed
device obtains a rapid mixing of two sample fluids by means of
the electrokinetic instability-induced shedding effects which are
produced when a DC electric filed of an appropriate is applied.
The proposed device uses a single high voltage power source
to simultaneously drive and mix  the sample fluids. The tested
mixing performance of 96% at a cross-section located 1 mm down-
stream of the cross-junction when an electric field of 300 V/cm is
applied.

Tabeling et al. [8] concentrated on a particular micromixer that
exploits chaotic trajectories to achieve mixing. The micromixer
is a cross-channel intersection, in which a main stream is per-
turbed by an oscillatory flow, driven by an external source. One
will obtain wavy and chaotic regions depending on the amplitude
and frequency of the oscillatory flow. A spatiotemporal resonance
phenomenon, in which the material-line deformation is transient,
is shown.

Bubble driven actuator for mixing enhancement in microsys-
tems was reported by Tsai and Lin [9]. The oscillatory flow
generated by the micropump can induce wavy interface to increase
the contact area of mixing fluids to accelerate the mixing pro-
cess. The tested channels are 200 �m wide, 50 �m deep and
the speed of the mixing liquids are measured at 6.5 �l/min. An
optimal actuating frequency was found to be 200 Hz. A gas bub-
ble filter is integrated at the downstream of the mixing system
to separate the generated bubble from the mixed fluid sam-
ples.

We note that using the pulsating flow to enhance the
micromixing is not a new concept. The perturbation source
comes from the external fluid source, acoustic actuated perturba-
tion, high DC voltage electrokinetic induced interface instability,
etc. The methods to generate the perturbation are too many
and they are not described here one by one. Most of them
either depend on the complex external or internal hardware,
or are not suitable for portable use. The pulsating flow is a
good strategy for micromixing, but the key issue is how to
generate the pulsating flow with simple hardware and low
cost.

In this paper, we report a new thermal bubble-driven loop
actuator for microfluidic applications under the situation that the
perturbation pressure source is required. The working principle of
the actuator is similar to that of a human being or animal’s heart.
A pulse pressure export can be connected with any microfluidic
component, thus it can be used for a common actuator mod-
ule. We  report the actuator used for the mixing enhancement in
a Y-shaped microchannel. The pulse pressure export is arranged
perpendicular with respect to the mixing channel, generating the
transverse flow components in the mixing channel. It is found that
the mixing degree can reach 94% for a very short mixing length
of 1–2 mm downstream of the pulse pressure export. The mixing
performance is easily controlled by the pulse voltage frequency.
The dynamic bubble confined in the loop actuator not only does
not “heat” the fluid sample in the mixing channel, but also does
not block the mixing channel. Because the thermal bubble never
reaches the mixing channel, a bubble filter is not necessary along
the mixing channel. The external hardware to drive the actua-
tor is just a pulse voltage generator with low amplitude. These
features provide the advantages over other pressure perturbation
methods reported in the literature previously. Besides, because
there are no moving components, the proposed actuator has high
reliability.

2. Experiment

2.1. Design of the bubble driven actuator for pulse pressure
generation

Thermal bubble-driven actuators are reported previously in the
literature for microfluidic applications. To the authors’ knowledge,
three key issues limited their commercial application in real sys-
tems. Firstly, for biology applications, the biology fluid sample
directly contacts the bubble. The “heating” effect significantly influ-
ences the sample properties. Secondly, even though many studies
have been performed for the bubble dynamics on the thin film
microheater under the pulse heating condition driven by the ink-
jet applications, the topic is still open. For instance, the thin film
heater may  be burnout under an un-suitable pulse heating param-
eter. Xu and Zhang [10] reported that there are three types of bubble
behaviors over a wide range of pulse heating parameters. The third
type, called the bubble size oscillation and large bubble formation,
involves an initial explosive boiling, followed by a periodic bubble
growth and shrinking. Then the bubble continues to increase its
size, until a constant bubble size is reached which is significantly
larger than the thin film microheater itself. This situation is dan-
gerous because the thin film heater is always covered by the vapor
bubble. The thin liquid film under the vapor bubble may be dryout.
Thirdly, for a flowing system, the bubble should be removed out of
the system. Thus a bubble filter shall be used, increasing the system
complicity.

Here we  demonstrate the newly designed thermal bubble
actuator and explain its working principle. Fig. 1a shows the
three-dimensional drawing of the bubble-driven pulse pressure
generator module and its application for the mixing enhancement
in a Y-shaped microchannel, Fig. 1b is the photo of the device.
The bubble-driven actuator consists of the connection channel (3)
to form a loop, a bubble filter, gold film for two electrodes (4), a
platinum film heater (5), and a circular chamber (6). The micro-
heater (5) is within the diverging section of the substrate and was
deposited at the back surface of the Pyrex glass cover. There are
two  signal wire bonding holes in the chip substrate for the electric
connection with external pulse voltage generator. The two holes
are sealed by glue in the system packaging. Different from other
studies in the literature [11], the thin film heater has a large length
to width ratio, which is 8.33 with a length of 1500 �m and a width
of 180 �m.  In a pulse heating cycle, a “long” bubble will be cov-
ered on the whole thin film heater during the pulse duration stage,
because the whole thin film heater has relatively “high” tempera-
ture. The planar size of the bubble is comparable to the heater size.
However, during the pulse off stage, the thin film heater sharply
decreases its temperature, but the center part of the heater has
“higher” temperature than the two side parts of the heater. Due
to the well-known Marangoni effect, the initially formed “long”
bubble quickly shrinks to a sphere or a circular bubble (depend-
ing on the channel depth and bubble volume), populated on the
center part of the heater. During the transition from the “long”
bubble to a sphere or a circular bubble, the vapor–liquid interface
is strongly and quickly deformed, causing a large convection heat
transfer effect across the vapor–liquid interface due to the bubble
interface agitation, which is helpful for the Joule heat dissipated to
the surrounding liquid and material.

Another consideration is to dissipate the heat locally generated
on the thin film heater by the pulse heating to the supporting
material of the microfluidic chip. We  note that the rectangular
film heater is suspended at the top of the diverging section. In
case a “large” bubble which contacts the side walls of the diverg-
ing section, the bubble will move towards the circular chamber
automatically due to the unbalance of the surface tension forces
between the front and the rear sides of the bubble. This effect results
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Fig. 1. The design of the bubble-driven actuator for microfluidic application: (1) and (2) are the inlet fluid channels, (3) is the loop connection channel, (4) is the Au electrode,
(5)  is the thin film platinum film heater, (6) is the circular chamber, (7) is the mixing channel, and (8) is the pulse pressure export.

in the anticlockwise movement of the bulk fluid around the loop,
and the bubble can be further condensed in the circular chamber.
The fluid circulation around the loop helps to dissipate the heat
to the supporting material. In such a way the temperature of the
thin film heater cannot be continuously raised. The bubble filter
arranged at the tail of the diverging section further protects a ther-
mal  bubble moving back and entering the pulse pressure export.
The above design concept has the following characteristics:

• Pulse pressure can be generated for actuation effect.
• The thin film heater is well protected, thus it can be operated over

a wide range of pulse heating parameters.
• The main microfluidic system never contacts the “high” temper-

ature fluid and there is no bubble in the main system at all.
• The loop actuator has no moving parts thus it has high reliability.

The driving source is an external low DC pulse voltage generator.
• The bubble-driven actuator can be used as a common module and

integrated with any microfluidic component.

We  further demonstrate the thermal bubble-driven actuator
integrated with a Y-shaped microchannel for the mixing enhance-
ment. As shown in Fig. 1, two fluid samples to be mixed enter
the system from inlet ports (1) and (2) as a Y-shaped configura-
tion. The pulse pressure output export (8) is perpendicular to the
mixing channel. A planar coordinator system (x–y plane) was estab-
lished, with the original point “O” located at the mixing junction,

the x-axis referring to the axial flow direction and the y-axis refer-
ring to the channel width direction. The pulse pressure export is
located d1 = 550 �m downstream of the mixing junction. The dis-
tance between the pulse pressure export and the outlet of the fluid
sample is d2 = 5450 �m.  The mixing channel width is 200 �m and
the depth is 50 �m.

2.2. Fabrication of the microfluidic chip

Fig. 2 shows the fabrication process. The etched components on
the silicon wafer, including the chamber, the nozzle, the channels
and the inlet/out ports, are fabricated by a two-depth ICP (induc-
tively coupled plasma) etching process. The depth is 50 �m for
all the components except that the inlet/out ports penetrated the
whole substrate. Before the ICP etching, a protective silicon dioxide
layer of 1 �m thick was thermally grown on the top side of the sil-
icon wafer, acting as the mask for the 50 �m deep silicon etching.
Then, a photoresist layer of 10 �m thick is spun on and patterned
by photolithography, acting as the mask for the wafer etching pro-
cess. After the first ICP etching process (through wafer etching), the
photoresist is removed and the silicon dioxide is used as the mask
to define the fluidic components. When all these steps are finished,
the silicon wafer is dipped into hydrofluoric acid (HF) to remove
silicon dioxide for bonding.

The microheater used to generate thermal bubbles is fabricated
on the Pyrex glass, exactly facing the nozzle on the silicon wafer.
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Fig. 2. The fabrication process.

The photoresist is spun on the glass and then is patterned by pho-
tolithography to define the metal structures. Three metal layers,
which are 100 nm thick Ti used as adhesion layer, 200 nm thick Pt
used as the microheater and 300 nm thick Au used as the contact
pad, are successively sputtered on the patterned Pyrex glass. After
the deposit, the metal lift-off is followed to form the metal struc-
tures. Continuing with another photolithography process to define
the microheater, the Au on the top of the Pt microheater is removed
by etching. It should be noted that a slot of 2 �m deep on the sili-
con wafer should also be fabricated by RIE before the two-depth
ICP etching. This 2 �m deep slot is used to hold the protruding
metal structures on the top glass, ensuring the flatting interfaces
for anodic bonding.

2.3. Experimental setup and data reduction

Fig. 3a shows the microfluidic chip packaging and Fig. 3b is the
experimental setup. A Harvard twin syringe pump (model 33) sup-
plies the fluid samples for the flow system. One fluid sample is
the colorless methanol, and the other sample is the black-dyed
methanol. The flow rates of the two fluid samples are exactly same,
which can be adjusted manually. Each component of the flow sys-
tem was connected by the capillary tube with the inside diameter
of 1.0 mm.  A liquid collection beaker collects the mixed methanol
from the outlet of the microfluidic chip. The flow Reynolds number
is defined as Re = ud/�, where u is the flow velocity of the two  fluid
sample in the mixing channel, d is the hydraulic diameter of the
mixing channel, and � is the viscosity of the fluid methanol at the
room temperature. Even though the heat flux on the microheater is
high during the pulse duration stage, the microfluidic chip has room
temperature, measured by a high resolution IR image system.

As shown in Fig. 3b, an EE1641 C pulse voltage generator (5) was
used to generate the rectangular pulse voltage that was applied
to the thin film microheater, having the output frequencies form
0.2 Hz to 20 MHz, and the output voltage amplitude from 0 to 20 V. A
precision resistance box (6) provides a selective, precision external
resistance that was connected with the microheater. Because the
resistance is known, the current that is flowing through the micro-
heater circuit can be obtained by measuring the voltage across the
resistance. The DL 750 high speed data acquisition system (4) mea-
sures V1 and V2 (see Fig. 3b). The data reduction process of the pulse

Fig. 3. Experimental setup, (a) photo of the microfluidic chip packaging, (b) exper-
imental setup, (1) is the synchronization hub, (2) is the high speed visualization
system, (3) is the microscope, (4) is the data acquisition system, (5) is the pulse
voltage generator, (6) is the precision resistance box, (7) is the microfluidic chip, (8)
is  the twin syringe pump, and (9) is the sample collection beaker.
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Fig. 4. IR image files showing small temperature rise of the chip surface during the operation of the microheater (a: the heater was turned off; b: the pulse voltage is applied
on  the heater).

heating is similar to that of Xu and Zhang [10]. The transient plat-
inum film microheater resistance (not including the two  side gold
film pads, see Fig. 1b) is

RPt = V1(t)Rs

V2(t)
− RAu1 − RAu2 (1)

where Rs is the known precision resistance, RAu1 and RAu2 are the
two gold film resistances for the wire connection (see Fig. 1a). A cal-
ibration process gives the relationship between the platinum film
temperature and its resistance as T = 63.69RPt − 644.4. The instan-
taneous heating power on the platinum heater is

Q (t) =
(

V2(t)

R2
s

)2 (
V1(t)
V2(t)

Rs − RAu1 − RAu2

)
(2)

The heat flux on the platinum heater is computed as q(t) = Q(t)/(LW),
where L is the length and W is the width of the heater, they are
1500 �m and 180 �m,  respectively.

It is important to estimate the temperature rise of the fluid
sample in the mixing channel. In order to do so, it is necessary
to estimate the average heating power generated on the micro-
heater: Qave = qaveLW�d/�, where qave is the average heat flux during
the pulse duration stage, �d is the pulse duration time and � is the
pulse cycle period. For a typical case, qave = 30 MW/m2, L = 1500 �m,
W = 180 �m,  �d = 0.5 ms  and � = 100 ms,  the time averaged heat-
ing power (Qave) is 40 mW.  Two mechanisms dissipate the heating
power: the first is to yield the temperature rise over the whole chip
surface to dissipate part of the heat to the environment directly, and
the second is to have a temperature rise across the inlet and out of
the fluid sample: Qave = ˛A �T1 + mCpf �T2, where  ̨ is the natural
convection heat transfer coefficient, A is the bulk chip surface area
including the packaged supporting structure, �T1 is the temper-
ature rise of the bulk chip surface, m is the mass flow rate of the
fluid sample in the mixing channel, Cpf is the specific heat of the
fluid sample, and �T2 is the temperature rise across the inlet and
outlet of the fluid sample. A reasonable estimate of  ̨ is 10 W/m2 K
in the air environment. Giving the surface area A of 7 cm × 7 cm,
the bulk chip temperature rise �T1 of 0.8 ◦C is enough to dissi-
pate all the heating power of Qave. Thus the temperature rise of
the fluid sample in the mixing channel is neglectable. The local and
temporary temperature rise of the microheater does not cause the
temperature rises of the bulk chip and fluid sample in the mixing
channel. Fig. 4 shows two IR image pictures on the back surface of
the silicon chip for comparison, with Fig. 4a for the temperature file

when the pulse voltage is turned off, and Fig. 4b for the tempera-
ture file with the pulse voltage applied on the microheater. The IR
image measurement involves an uncertainty of 0.5 ◦C. It is seen that
the two  temperature files are nearly identical with the temperature
uncertainty of 0.5 ◦C, indicating small temperature rise (less than
1 ◦C) of the bulk chip surface with the operation of the microheater
actuator.

We  use an optical system to visualize and characterize the bub-
ble dynamics in the loop actuator and the mixing performance
in the mixing channel. The optical system consists of a micro-
scope (Leica MZ16, Germany) and a high speed visualization system
(HG 100 K, USA). The system is quite sensitive to the black–white
image. Different from other studies for the mixing experiment in
the literature, the present study gave the spatiotemporal mixing
performance in the mixing channel with millisecond time scale.
During the experiment, a synchronization hub synchronizes the
high speed data acquisition system and the high speed visualiza-
tion system, linking the pulse heating parameters and the bubble
dynamics. A central computer collects all the image files and voltage
signals.

It is important to quantify the mixing degree in the mixing chan-
nel. For a fixed Reynolds number of methanol in the mixing channel
(Re) and pulse heating parameters (voltage amplitude, pulse dura-
tion time, and pulse frequency), we  record the consecutive image
files. The Leica Qwin Image Processing and Analysis software ana-
lyzes the images at different time steps. The grayscale values are
255 for the colorless methanol and 0 for the black-dyed methanol,
respectively. When the mixing process takes place, the grayscale
values are in the range of 0–255. A specific pixel corresponds to
a grayscale value. Similar to the previous studies [12], the mixing
degree is expressed as

I = 1 − 1
Cv

√∑
(Ci − Cv)2

N
(3)

where Cv is the average grayscale in a selected area, Ci is the
local grayscale at the pixel i and N is the number of pixels in
the selected area. The mixing degree value of 0 means no mix-
ing occurring at all, 1 means a complete mixing. Theoretically the
mixing degree are dependent on the x and y coordinates and time
t, i.e., I = I(x, y, t). Here we  are interested in two kinds of mixing
degree: (1) the transient mixing degree versus axial coordinate,
i.e., I = I(x, t), refers to the dynamic mixing degree along the flow
direction but integrated over the whole mixing channel width.
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Fig. 5. The pulse heating parameters on the thin film heater and bubble dynamics for a full pulse cycle (� = 20 ms, �d = 0.5 ms,  f = 50 Hz, noting that the time delay from Tmax

to Tf during the early pulse off stage is about 0.3–0.4 ms  in Fig. 5a).

(2) The other is the time averaged mixing degree along the flow
direction, i.e., I = I(x) = (1/�)

∫ �

0
I(x, t) dt,  where � is the pulse cycle

period.

3. Results and discussion

3.1. Bubble dynamics related to the pulse heating

Before the formal experiment, the loop actuator should be vacu-
umed to remove the non-condensable gas and charged with liquid
(methanol in this paper). The vacuum process is similar to that of
a heat pipe device [13]. Non-condensable gas in the loop actu-
ator has damping effect and weaken the pulse pressure output.
Fig. 5 shows the pulse voltage, heat flux, and temperatures on the
slim platinum microheater, with the pulse cycle period of 20 ms
(the pulse frequency is 50 Hz). The pulse duration time is 0.5 ms.
During the pulse duration stage, the voltage is about 11.5 V and
slightly increased (see Fig. 5a). The temperatures are increased to
about 300 ◦C, maximally. Heat fluxes are slightly decreased and in
the range of 39–25 MW/m2. These changes are due to the varied
platinum film resistance versus temperatures. It is noted that the
microheater temperatures cannot be obtained during the pulse off
stage because there is no information of the heater resistance dur-
ing such stage. Here we give a rough estimation of the microheater
temperatures versus time following the end of the pulse duration
stage. For the microheater, the mass is ms and the specific heat is Cps.
Following the start of the pulse off stage, the slim microheater has
thermal insulation boundary condition at the bonding surface with
the glass cover, but it has the convection heat transfer boundary

condition with the exposed fluid sample. The following equation
gives the temperature response during the pulse off stage:

msCps
dT

dt
= −˛eLW(T − Tf) (4)

where ˛e is the convection heat transfer coefficient between
the heater surface and the fluid sample in the diverging sec-
tion, T is the heater temperature, and Tf is the fluid temperature.
The temperature at the start of the pulse off stage is Tmax. Let
K = ˛eLW/(msCps) = ˛e/(�sCpsı), where �s is the platinum density,
ı is the platinum film thickness, which is 200 nm in this study. Eq.
(4) has the following solution:

T = (Tmax − Tf) e−Kt + Tf (5)

The ultra-thin microheater yields a very large K value. The larger the
K value, the faster the microheater temperatures drop. For example,
giving �s = 21.4 g/cm3 and ı = 200 nm for platinum film, and assum-
ing ˛e of 104 W/m2 K, the estimated K reaches 17,310 s−1. Based
on Eq. (5), the microheater temperatures can drop from 300 ◦C to
21.5 ◦C in 0.3 ms  after the pulse voltage is receded, assuming Tf of
20 ◦C.

Fig. 5b gave the bubble image for a set of specific time. At the end
of a previous cycle such as at t = 16 ms,  the bubble is elliptical and
located at the center part of the slim heater. At that time the slim
heater has low temperature but the center part of the slim heater
has slightly higher temperature than the front and rear sides. The
Marangoni effect causes the bubble populated their. Once the pulse
voltage is applied on the heater during the pulse duration stage, the
bubble is quickly deformed and covered on the whole slim heater,
as shown in the image at t = 16.33 ms.  The images from the time of
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Fig. 6. The stroke volume and “second stroke volume” for the bubble-driven actu-
ator.

17.33 ms  to 33.33 ms  show the transition from a slim bubble to an
elliptical one when the voltage is receded from the heater.

During a complete cycle, the liquid volume pumped out of the
loop actuator is exactly equal to that sucked into the loop. The work-
ing principle of the thermal bubble-driven actuator is similar to
human being’s heart. We  define the volume change �V during the
bubble expansion-shrinkage process in one cycle, which is called
the stroke volume. Fig. 6a and b shows the bubble on the platinum
film heater at the pulse off stage and pulse duration stage. Con-
sidering the shallow channel, we  assume that the bubble could fill
the whole channel depth. The stroke volume in one pulse cycle is
computed as

�V = a∗b∗ı − 1
4

�abı (6)

where ı is the channel depth, definition of other parameters in Eq.
(6) can be seen in Fig. 6.

Another important parameter is the stroke volume in 1 s, we
call it as the “second stroke volume” (�Vs), which is important for
the pulse pressure export for microfluidic applications. It is easy
to have the express of �Vs = �V  · f, here f is the pulse frequency.
Fig. 6c shows that the stroke volume is about 1 × 10−6 ml.  On the
other hand, the “second stroke volume” is nearly increased linearly
versus pulse frequency, reaching about 1 × 10−4 ml  at the pulse
frequency of 100 Hz.

In order to observe the oscillation flow in the pulse pressure
export directly, we inject a tiny gas bubble in the pulse pressure
export channel on purpose, acting as the tracing bubble there, not-

Fig. 7. Oscillation movement of the tracing bubble in the pulse pressure export channel at f = 50 Hz.
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Fig. 8. Effect of pulse heating frequency on the mixing patterns in the mixing channel for Re = 1 (for each frequency, images are shown for the upstream and downstream of
the  mixing channel).

ing that such a bubble is not the thermal bubble generated by the
pulse heating on the platinum heater. Fig. 7a illustrates the pulse
voltage on the microheater and the tracing bubble displacement
versus time. We  temporarily set a coordinate o′y′ with o′ located at
the tip of the loop channel, and y′ as the flow direction of the pulse
pressure export channel (see Fig. 7b). Because the pulse duration
time is short and the temporary heat flux on the microheater is
significantly high, the tracing bubble has a sharp increase of the
displacement versus time once the voltage is applied on the micro-
heater, indicating a great acceleration of the tracing bubble. The
tracing bubble was initially located at the center of the pulse pres-
sure export channel at t = 6.0 ms,  but was pushed to the mixing
channel at t = 6.67 ms  (see Fig. 7b). After the pulse duration stage is
over, the tracing bubble was quickly sucked into the pulse pressure
export channel, followed by a slow change of the tracing bubble
displacement. The thermal bubble interface is strongly deformed,
causing an enhanced condensation heat transfer between the ther-
mal  bubble and the surrounding liquid. The oscillation flow of the
fluid in the pulse pressure export channel is similar to the piston
movement in a cylinder.

3.2. Mixing patterns in the mixing channel

Now we examine the mixing performance enhanced by the
pulse pressure. Fig. 8 shows the mixing patterns for different pulse
frequencies. Generally there are two mixing patterns. The first type,
called the wavy interface pattern, appears without pulse pressure
(f = 0) and with pulse frequencies of 1 Hz and 10 Hz (see Fig. 8).
The mixing between the two fluid samples (one is the colorless
methanol and the other is the black-dyed methanol) are not well
mixed thoroughly, a wavy mixing interface exists along the flow
direction, except that the mixing interface is not deformed at all
for the no pulse pressure run (f = 0), under which the molecular

diffusion domains the process. However, for the pulse frequencies
larger than 20 Hz, the wavy mixing interface disappears. Instead,
there are a set of mixing clouds populated along the flow direction.
We call this type of mixing as the cloud mixing pattern, which can
enhances the mass transfer between the two  fluid samples.

We further examine the two  types of mixing patterns dynami-
cally for a set of time steps. We  present the transient evolution of the
wavy interface pattern for f = 10 Hz in Fig. 9. A complete pulse cycle
is focused. A clear and relatively straight interface appears at the
end of a previous pulse cycle (see the image at t = 48 ms  in Fig. 9).
When the voltage is applied on the microheater for a new pulse
cycle, the thermal bubble expansion on the microheater exports the
fluid to the mixing channel, forming a wavy interface, consisting of
a valley and a massif. During the pulse off stage, the wavy interface
is traveling downstream of the mixing channel. The fluid is sucked
from the mixing channel to the pulse pressure export channel due
to the shrinkage of the thermal bubble on the microheater (see the
images for 52 ms  < t < 62 ms  in Fig. 9). The beginning of a new cycle
(see the image at t = 149 ms  in Fig. 9) exactly repeats the state at
t = 49 ms.  Generally the wavy interface for the low pulse frequency
run is due to the fluid discharging from the pulse pressure export
channel can not thoroughly penetrate the whole mixing channel
width.

Comparatively, Fig. 10 illustrates the transient evolution of the
cloud mixing pattern for the pulse frequency of 100 Hz. During
the pulse duration stage, the fluid coming from the pulse pressure
export thoroughly penetrates the whole mixing channel width.
Because the pulse duration stage is so short that we only have one
image for such state (see the image at t = 5 ms  in Fig. 10). During the
pulse off stage, the fluid in the mixing channel can be sucked into
the pulse pressure export channel. The expansion and shrinkage of
the thermal bubble on the microheater in one pulse cycle forms a
mixing cloud in the mixing channel.
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Fig. 9. Transient wavy interface mixing pattern in one full pulse cycle for low pulse
frequency of 10 Hz.

3.3. Characterization of the mixing performance

Fig. 11 shows the transient mixing degrees at the location of
x = 1000 �m for the Reynolds number of 1. The mixing degrees
are increased with increases of the pulse frequencies, i.e., they are
highest for the pulse frequency of 100 Hz, and lowest for the pulse
frequency of 10 Hz. Meanwhile, they are varied in the ranges of
0.104–0.163, 0.743–0.807, and 0.846–0.859 for the pulse frequen-
cies of 10 Hz, 50 Hz, and 100 Hz, respectively. The locally mixing
degrees are varied periodically against the time. The cycle period
of the transient mixing degree is exactly the same as that of the
pulse heating applied on the microheater, further indication the

pulse pressure effect by the expansion-shrinkage of the thermal
bubble on the microheater.

We  examine the variation of the grayscale values in the mixing
channel width direction in Fig. 12.  It is seen that the grayscale values
without pulse pressure effect (f = 0) and with the low pulse fre-
quency of 10 Hz have significant non-uniform distribution against
the centerline of the mixing channel, indicating half channel is
occupied by the colorless methanol and the other part is occu-
pied by the black-dyed methanol. Mixing performance is poor at
such low pulse frequencies, which is due to the low “second stroke
volume”. The non-uniformity of the grayscale values is signifi-
cantly improved at high pulse frequencies of 50 Hz and 100 Hz.
The grayscale values are almost uniform across the whole channel
width for the pulse frequency of 100 Hz.

Now we study the mixing performance along the flow direction.
Fig. 13a  shows that the grayscale values are oscillating periodically

Fig. 10. The transient cloud mixing pattern in one full pulse cycle for high pulse
heating frequency of 100 Hz.
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Fig. 11. The transient mixing degree at x = 1000 �m for Re = 1 (effect of pulse heating frequencies, (a) for f = 10 Hz, (b) for f = 50 Hz, and (c) for f = 100 Hz).

along the flow direction. The oscillation amplitudes are decreased
with increases of the x-coordinate. It is noted that the grayscale
value curves shown in Fig. 13a  is for a specific time. The curves
shall be changed with time evolution, but the curve shapes are
similar. The oscillation is weak for x > 1500 �m,  indicating a quasi-
uniform distribution of the fluid sample concentrations following
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Fig. 12. Normalized grayscale value across the mixing channel width at x = 4000 �m
at  the four pulse heating frequencies.

about 1 mm downstream of the pulse pressure export. We  study the
time averaged mixing degrees versus the x-coordinate in Fig. 13b.
The mixing degrees are low and about 0.1 for the pulse frequency of
10 Hz, but they are much higher for the pulse frequencies of 50 Hz
and 100 Hz. Seeing from Fig. 13b is that the mixing degrees are
sharply increased with the x-coordinate in the range of 0–1 mm,
noting that the pulse pressure export is located at x = 545 �m.  They
have slight increase with the x-coordinate beyond 1 mm.  The mix-
ing process is nearly complete in a couple of millimeter following
the pulse pressure export. The mixing length is defined as the dis-
tance between the local position and the pulse pressure export,
which is a couple of millimeter for the present design. The mixing
degree can reach 0.94 for the pulse frequency of 100 Hz.

Finally, effect of the Reynolds numbers on the mixing per-
formance is given in Fig. 14.  It is found that the time averaged
mixing degrees at the location of x = 4000 �m are almost inde-
pendent of the Reynolds number. This is true for other locations.
The finding is also consistent with other studies reported in the
literature [1,14].

This is a primary study using the novel bubble-driven actuator to
enhance mixing performance in microchannels. The working fluid
is methanol, which is toxic for human being’s organism and is not
suitable to be used as liquid carrier in a microfluidic device. How-
ever, the proposed microfluidic device can work well with other
bio-fluid samples theoretically. Future studies will try other carrier
fluid and further demonstrate the advantageous of the proposed
bubble-driven actuator.
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4. Conclusions

We demonstrate a thermal bubble-driven loop actuator for
microfluidic applications. The configuration consists of a diverg-
ing section and a circular chamber. A slim microheater with large

length to width ratio was deposited on the back surface of the glass
cover, facing the diverging section of the bottom substrate. The
transition from a “long” bubble during the pulse duration stage to
a sphere or a circular bubble during the pulse off stage exports the
pulse pressure and causes a large convection heat transfer at the
vapor–liquid interface, which is helpful to protect the microheater
from burnout. The loop configuration pumps the bulk fluid move-
ment around the loop, dissipating the locally Joule heat generated
by the pulse heating to the supporting structure of the microfluidic
chip, keeping the microfluidic chip at the room temperature level.

The loop actuator is suitable for microfluidic applications in
which pulse pressure is needed, featuring the following advan-
tages: (1) the thin film microheater is well protected, thus it can
be operated over a wide range of pulse heating parameters. (2) The
main microfluidic system never contacts the “high” temperature
fluid and there is no bubble in the main system at all. (3) The loop
actuator has no moving parts thus it has high reliability. The driving
source is a low DC pulse voltage generator.

We demonstrate the loop actuator used for mixing enhance-
ment. The findings are as follows: (1) the low pulse frequency such
as 10 Hz yields a wavy mixing interface in the mixing channel, but
the discharged fluid from the pulse pressure export thoroughly
penetrates the whole mixing channel width at high pulse frequen-
cies, resulting in a set of mixing clouds in the mixing channel.
(2) The mixing degrees are increased with increases of pulse fre-
quencies. (3) The fluid samples are uniformly distributed across
the channel width direction for the pulse frequency of 100 Hz. (4)
The cycle periods of the transient mixing degrees are exactly equal
to the pulse heating cycle periods. (5) The mixing degree can reach
0.94 for a short mixing length of a couple of millimeter for the pulse
frequency of 100 Hz. (6) The mixing degrees are independent of the
Reynolds number in the mixing channel.
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