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ABSTRACT: Thermal-based microparticle focusing has re-
cently received increasing attention due to its noninvasive
nature and simple manipulation mechanism. However, its
further application is limited by current complicated fluid
heating systems and low particle focusing velocity. Using
simple indium tin oxide-made microheaters, herein we propose
a flexible and novel approach for efficient particle focusing
based on direct current-induced thermal buoyancy convection.
Importantly, for avoiding possible electrochemical reactions on
the electrode, the microheaters are isolated from the granular
fluids of interest by a thin glass slide. The concentration performance of the designed chip was first demonstrated by statically
focusing 4-μm silica particles, yeast cells, silica particles in insulating buffer, and 100-nm copper microspheres. Also the trapping
of a mixture of 5-μm and 2-μm polystyrene microbeads indicated that the chip can either simultaneously concentrate two kinds
of particles or selectively focus the heavier ones by adjusting the voltages. Then the different concentration patterns of
microbeads exhibited that the microspheres can be flexibly manipulated by changing the configurations of microheaters.
Furthermore, for the first time, we achieved thermal-based continuous particle focusing in both conducting and insulating
solutions using buoyancy convection, demonstrating that this method can be utilized to achieve both static and continuous
particle manipulations in multiple liquid media. Finally, the feasibility of this device in effective wear measurement of machines
was demonstrated by conducting systematic experiments of focusing nanocopper particles in the hydraulic oil. Therefore, this
presented approach would be promising for a broad range of on-chip applications.

Microfluidic systems now have become increasingly
attractive for microbeads synthesis,1,2 cell culture,3,4

and medical diagnostics5,6 because of their rapid and simple
fabrication processes, low cost, and high sensitivity with small
volumes of samples.7,8 Usually, microparticle concentration is
one of the key steps in these microfluidic-based applications.
Therefore, for facilitating the particle concentration in these
applications, lots of passive methods9−11 and active ones12,13

have been studied. Specifically, the passive approaches do not
consume external energy, but they are strictly restricted by the
flow conditions and the geometry of the microchannels.14,15

Compared with the passive methods, the active ones only need
simple channel structure and can be flexibly manipulated by
external electric,16 acoustic,17 or magnetic field.18,19 For
external-field-based manipulations, the electric field is con-
venient but limited by the highly strict solution conductivities
and the easy electrode reactions.20,21 Acoustically controlled
schemes are versatile, noninvasive, and flexible, but the
acoustic generators are expensive and time-consuming for
fabrication.22,23 Although the magnetic force is useful and
powerful for particle concentration, the applications are

confined by the magnetism of microbeads and buffer
solutions.24,25

Recently, manipulation of microparticles by temperature
gradient field has attracted tremendous attention for the
simplicity of its manipulating mechanism. Temperature
gradient in particle suspensions can cause thermal buoyancy
convection,26 particle thermophoresis,27 and thermo-capillary
convection.28 For buoyancy convection, it can generate three-
dimensional internal flow and form microvortices; the
microparticles in granular fluid will migrate under the drag
force of vortices. As for particle thermophoresis in liquid
media, the thermophoretic ability is affected by many factors,
such as particle size,29 temperature,30 and ion species.31 Under
these effects, microbeads suspended in a temperature gradient
field have the tendency to move toward the hot (negative
thermophoresis) or cold (positive thermophoresis) re-
gion.32−34 The thermo-capillary convection is caused by the
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slip of unevenly heated gas−liquid (or liquid−liquid)
interfaces. The three-dimensional convection and vortices are
induced as the inner fluid will flow under the viscous effect of
flowing interfaces. The microbeads in fluid then follow the
motion of microvortices.35,36

On the basis of these three particle-manipulation mecha-
nisms, thermal tweezers, exploiting highly focused lasers to
generate temperature gradient in particle suspensions, have
been widely used to separate, trap, and migrate particles.37,38

Although these existing optical methods based on temperature
gradient are highly attractive for a broad range of on-chip
applications, they have some disadvantages that are restricting
their further applicabilities. First, these opto-thermal tweezers
all require expensive and complicated laser systems and
photosensitive substrates to heat the microfluids, which leads
to a high-cost and complex experimental process.39,40 Second,
most methods employ point-source lasers to manipulate
microbeads, resulting in the particles being monotonously
focused into circular clusters in the absence of extra
manipulation strategies. Although some researchers achieved
diverse concentration patterns by combining the complicated
migration trajectories of laser beams and the complex
configurations of photosensitive substrates,41,42 their methods
were inconvenient for complex manipulations and integration
of functions. To realize different manipulation objects and
chip’s functions, it is important to conveniently focus
microparticles into different patterns. Last but not least, most
methods utilize thermophoresis to achieve precise particle
control. However, the thermophoretic velocity is usually very
small43,44 and typically requires a long migration time for
microparticles. Although there are some opto-thermal tweezers
based on thermal buoyancy convection or thermo-capillary
convection, the former used very low channel height in which
the buoyancy convection was restricted and very weak45 and
the latter needed free surfaces, resulting in difficulty of
continuous fluid injection.46 Therefore, these thermal tweezers
usually serve for static manipulation. Obviously, they are low-
throughput and difficult for multistep processing of micro-
spheres compared with the methods of particle manipulation in
continuous flow. Regarding the limitations of these thermal
tweezers, some researchers used combined temperature-
electric field to manipulate microbeads.47,48 Although the
combined fields can improve the migration velocity, the
electric field cannot be used to manipulate insulating solutions.
Additionally, the highly focused lasers or microheaters made
from multilayer materials in these devices are also complicated
and expensive in the experimental process. Taking all these
restrictions into consideration, we can find that the high cost,
complexity, and low manipulation velocity of these devices are
the main reasons confining their further applicabilities.
Therefore, it is necessary for us to explore an alternative
simpler and cheaper method to heat microfluids and to use
new strategies to improve particle migration velocity.
In this Article, we propose a flexible and noninvasive

approach for efficient concentration of microparticle in
multiple liquid media based on direct current-induced thermal
buoyancy convection (shown in Figure 1). This microdevice
features simple and cheap indium tin oxide (ITO)-made
microheaters to heat granular microfluids with a maximum
consumed power of <0.5 W (the electrode and heating
mechanism are shown in parts b and c of Figure 1,
respectively). For avoiding the possible electrochemical
reactions on electrode, the electrode is isolated from

microfluids by a 140-μm thick glass slide. To improve the
particle migration velocity, we use a 1.5 mm deep micro-
channel based on the effect of channel height on buoyancy
convection. The different concentration patterns of micro-
spheres can be conveniently achieved by adjusting the
configurations of microheaters. The concentration perform-
ance of our chip was first demonstrated by statically focusing 4-
μm silica particles, yeast cells, silica particles in insulating
organic buffer, and 100-nm copper microspheres. We also, for
the first time, achieved thermal-based continuous particle
focusing in multiple liquid media using thermal buoyancy
convection. Lastly, the feasibility of this method in effective
wear measurement of machines was demonstrated by
conducting systematic experiments of focusing nanocopper
particles in the hydraulic oil. This approach is attractive for
microfluidic-based microparticle concentration.

■ MATERIALS AND METHODS
This microdevice contains three parts: a 1.1-mm thick
substrate glass with a 1-μm thick indium tin oxide (ITO)
film (South China Science & Technology Company, China), a
140-μm thick glass slide, and a polydimethylsiloxane (PDMS)
microchannel. The electrode pattern is obtained through a
standard etching process (the detailed process can be seen in

Figure 1. (a) Three-dimensional schematic of the trapping device. (b)
Configuration of central spiral electrode. (c) Generation mechanism
of thermal buoyancy convection: The fluid heated by spiral electrode
becomes lighter and flows upward, then vortices (shown in (c)) are
generated under the inducement of channel geometry. R1 (3.5 Ω) is
the resistance of the extended region of ITO, and R2 (93 Ω)
represents the resistance of the central spiral electrode. (d) Image of
experimental chip. Scale bar, 100 μm.
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section S1 of the Supporting Information). As shown in Figure
1b, L is 100 μm and d is 20 μm. The PDMS channel with a
deepness of 1.5 mm is polymerized by using polymethylmeth-
lacrylate (PMMA) or dry-film (RISTON SD238) molds.
When these three parts are prepared, the thin glass slide is first
bonded to the ITO glass surface using UV glue. Then the
whole chip is assembled by aligning and bonding the PDMS
channel and the thin glass slide together after an oxygen
plasma treatment in a plasma cleaner (ZEPTO, Diener,
Germany).
The particles and cells used in our study are 4-μm silica

particles (Sigma), polystyrene (PS) particles (Fluka) with two
kinds of diameters (5 and 2 μm), 100-nm copper particles,
yeast cells, and 4-μm PMMA microspheres (Sigma). The
buffer solutions used to dilute the particle samples include
deionized (DI) water, the mixture of DI water and glycerol, the
mixture of glycerol and ethanol, and the hydraulic oil. The
electrode is energized by a dc signal generator (KXN-305D,
Zhao Xin). The experiments are observed by using a
microscope (BX53, Olympus, Japan) with a charge-coupled

device (CCD) camera (Retiga, 2000R, Qimaging). The
temperature of the bottom center Tm (shown in Figure 3b)
is measured by using a thermometer (TASI-8620).

■ RESULTS AND DISCUSSION

Numerical Analysis of Thermal Buoyancy Convec-
tion. On the basis of the numerical model in the Supporting
Information, we established a three-dimensional simulation
model using Comsol software (COMSOL Multiphysics 5.3) to
analyze the buoyancy convection of water solution. Parts a and
b of Figure 2 show the temperature distributions of the fluid
excited by a spiral electrode at the bottom center. From the top
view (Figure 2a) and side view (Figure 2b), the temperature is
dissipated from the bottom center (Tm) to the bottom border
(Tb) and from the bottom center (Tm) to the top center (Ts).
The flow fields caused by temperature gradient are exhibited in
Figure 2c and d. From the top view (Figure 2c), all fluids flow
toward the bottom center, and a flow stagnation region is
formed here. Microparticles in buffer solution will follow the
motion of fluid and be transferred to the stagnation region.

Figure 2. (a, b) Temperature distributions on the xy-plane at the fluid−wall interface (a) and yz-plane (b), actuated by a 5-V dc voltage. (c, d)
Flow fields on the xy-plane when z = 10 μm (c) and yz-plane (d). (e) Variation trend of the maximum temperature Tm under different dc voltages.
(f) Temperature difference Tm − Ts under different dc voltages. (g) Velocity distributions on I−I line (marked in Figure 1a) when z = 10 μm. (h)
Average flow rates on I−I line (z = 10 μm) under different dc voltages and channel heights. (i) Average flow rates on I−I line (z = 10 μm) under
different dc voltages and fluid viscosities. (j) Maximum temperature differences on I−I line at different dc voltages.
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Also, the simulations show a pair of counter-rotating
microvortices on the side view (Figure 2d). Clearly, the
bottom fluid first flows toward the bottom center and then
vertically flows away from it. So the microparticles can be
trapped at the bottom center if the downward gravity force
acting on particles is greater than the upward fluidic drag force
(the detailed force analysis is shown in Figure S1).
The temperature distributions on I−I line (z = 0 μm, and I−

I line is marked in Figure 2a) at different voltages are given in
Figure 2e1. We fitted a curve showing the variation trend of
the maximum temperature Tm under different dc voltages. As
shown in Figure 2e, Tm rises from room temperature (298.15
K) to 380 K as the voltage increases from 0 to 7 V. The vertical
temperature distributions under different voltages are shown in
Figure 2f1. Then we calculated the temperature difference Tm
− Ts, which also increases with the rising dc voltages.
Importantly, the Tm − Ts can be as high as 44.5 K at a
voltage of 7 V (shown in Figure 2f). As described in eq S9a,
the volumetric buoyancy force is proportional to the
temperature difference. Therefore, the thermal buoyancy
convection will increase with the rise of dc voltage. Because
the microparticles near the bottom cavity follow the motion of
fluid, the flow rate of the bottom fluid contributes a lot to the
aggregation rate of microbeads. Thereby, we exhibit the flow
rate distributions on I−I line near the bottom of fluid under
different voltages in Figure 2g. The maximum flow rate can
reach 150 μm/s at 7 V. Compared with the existing thermal
tweezers,45,49 the flow rate in our chip is enhanced at least by 1
order of magnitude.
Corresponding to the temperature distribution, buoyancy

convection is characterized by a kind of three-dimensional

internal flow, vertically flowing toward and away from the heat
source center (Figure 2d). Because the magnitude of buoyancy
force acting on the whole fluid ( f buoyancy) in a microchannel
satisfies f buoyancy ∝ ρmgβTL

3ΔT (where ρm is the fluid density, g
is the gravitational acceleration, βT is the thermal expansion
coefficient of the fluid, L is the characteristic size of the
microchannel, and ΔT is the temperature difference), the
convection flow caused by buoyancy force will also be affected
by the geometry of the microchannel. Figure 2h indicates that
the channel height can apparently influence the intensity of
induced microvortices. The velocity distributions on I−I line
under different channel heights at U = 5 V are shown in Figure
2h1. As shown in Figure 2h, when the channel height is
appropriately increased, the average flow rate of the bottom
fluid can be significantly enhanced. This can be explained by
the fact that the low channel height will restrain the volumetric
vortices, resulting in the decrease of flow rate. Compared with
the result in a 0.1-mm deep microchannel,45 the thermal
buoyancy convection is greatly improved in the 1.5-mm deep
microchannel. The flow rate is also influenced by the fluid
viscosity (shown in Figure 2i). Specifically, the higher the fluid
viscosity, the lower is the flow rate.
Apart from the fluidic drag force, at the presence of

temperature gradient, suspended particles are also driven by
the thermophoretic force. The thermophoretic velocity (eq
S12) is proportional to the thermal diffusion coefficient DT and
the temperature gradient ∇T. As shown in Figure 2j, the
maximum value of ∇T is no more than 8 × 104 K/m. Also, the
order of DT is μm2/(K s).31 Thus, the magnitude of
thermophoretic velocity is no more than 1 μm/s, which is
far less than the buoyancy convection velocity (shown in

Figure 3. (a) Concentration profiles of silica particles under different time nodes at U = 5 V (see Movie S2). Scale bar, 100 μm. (b) Current−
voltage and temperature−voltage characteristics of the spiral electrode. (c) Aggregation rates of silica particles at the bottom center under different
fluid viscosities. (d) Aggregation rates of silica particles at the bottom center under different channel heights. (e) Variation trends of the standard
deviation of gray value at the electrode’s surface under different dc voltages. (f) Concentration ratios of particle numbers under different fluid
viscosities. (g) Concentration ratios of particle numbers under different channel heights.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.8b05105
Anal. Chem. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b05105/suppl_file/ac8b05105_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b05105/suppl_file/ac8b05105_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b05105/suppl_file/ac8b05105_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b05105/suppl_file/ac8b05105_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b05105/suppl_file/ac8b05105_si_003.avi
http://dx.doi.org/10.1021/acs.analchem.8b05105


Figure 2g and h). Therefore, the particle concentration rate is
mainly related to the buoyancy convection in our chip.
Importantly, to experimentally demonstrate the weak influence
of thermophoresis on microparticle concentration, we utilize a
microchannel with a height of 20 μm, in which the thermal
buoyancy convection is very weak and therefore negligible, to
investigate the thermophoretic behavior of 4-μm silica
particles. The result showed that the silica particles were
almost static when the chip was energized at 3 V for 120 s (see
Movie S1). However, the focusing speed of silica particles can
reach 6.5 μm/s in a 1.5-mm deep microchannel at the same
voltage. Therefore, the effect of thermophoresis on particle
motion is negligible.
Microsized Particle Concentration. As shown in Figure

2c, a single circular flow stagnation region will form at the
bottom center of the fluid when we use the spiral electrode
(shown in Figure 1) to heat the buffer solution. To
demonstrate this method’s feasibility in trapping micro-
particles, we first performed the concentration experiments
of 4-μm silica particles in water solution (DI water and the
mixture of DI water and glycerol) (Figure 3). Figure 3a shows
the concentration profiles of silica particles at different times.
Specifically, under a dc voltage of 5 V, a large amount of silica
particles quickly focus to the bottom center (see Movie S2).
The experimental results showing the electric current and

temperature as a function of the applied voltage for the spiral
microheater are given in Figure 3b. According to the current−
voltage curve (C−V), the resistance of the ITO-made
microheater is ∼100 Ω, and it does not vary with the
temperature. The temperature−current curve (T−V) indicates
that the temperature of the heat source center nonlinearly
increases as the dc voltage rises. The comparison of T−V
curves in Figures 3b and 2e can also demonstrate the veracity
of our numerical analysis.
Just like the simulation results in Figure 2i, the fluid viscosity

has a negative effect on the resulting fluid velocity. That is, the
flow rate decreases from 100.7 to 16.8 μm/s as the fluid
viscosity increases from 1 to 10 mPa·s when the voltage is fixed
at 7 V. In our trapping method, the randomly distributed
microparticles are driven to the flow stagnation region by the
fluidic drag force (see section S2 of the Supporting
Information), which is proportional to the fluid velocity.
Thus, the aggregation rate of silica particles is negatively
influenced by fluid viscosity (shown in Figure 3c). We studied
the aggregation rate of silica particles in DI water, DI water
containing 20% glycerol, and DI water containing 40%
glycerol. It is found that, compared with the result in DI
water, the concentration rate has declined by 32% in the
solution containing 40% glycerol when the voltage is fixed at 7
V.
The simulation results in Figure 2h indicate that the channel

height also influences the motion characteristics of fluid. Thus,
we implemented the concentration of silica particles
(suspended in DI water) under three channel heights: 0.5, 1,
and 1.5 mm (shown in Figure 3d). Figures 2h and 3d show
good agreement with each other. That is, particle-aggregation
rate can be improved by appropriately increasing the channel
height. For example, when the voltage is 7 V, the aggregation
rate can be improved from 67.5 to 80.5 μm/s by rising the
channel height from 0.5 to 1.5 mm. More importantly,
compared with the previous thermal tweezers,45 particle-
aggregation rate has been significantly improved in a 1.5-mm
deep microchannel.

Besides the particle-aggregation rate, the number of
concentrated microparticles is also an important criterion
evaluating the trapping efficiency. In microbeads concentration
studies, two methods are commonly used to represent the
particle numbers: one is the direct quantity statistics, and the
other is the indirect gray-value distribution of concentration
profiles.50,51 In our experiments, it is difficult to count the
particle numbers because of the large scale and highly effective
concentration of microbeads (ss shown by the concentration
profiles in Figure 3a). Thus, we use the second method to
indirectly characterize the number of concentrated micro-
particles. When power is off, a small number of silica particles
are evenly distributed at the electrode’s surface (shown in
Figure 3a). At this state, a minimum standard deviation of the
gray value of the electrode’s surface was obtained using ImageJ
software (shown in Figure 3e). With the rising of time node
and dc voltage, an increasing number of microbeads are
trapped at the bottom center (shown in Figure 3a). After
calculating the standard deviation of gray value of the
electrode’s surface under different time nodes and dc voltages,
we found the same variation trend between the standard
deviation of gray value and the number of concentrated
particles (shown in Figure 3e). Therefore, it is feasible for us to
use the standard deviation of gray value of the electrode’s
surface to indirectly evaluate the number of microspheres.
Furthermore, we used the ratio of the standard deviation of
gray value at t = 120 s to the initial standard deviation to
represent the concentration ratio of particle numbers. Clearly,
the concentration ratio increases with the rising voltages
(shown in Figure 3f and g). For example, the concentration
ratio improves from 1.3 to 4.1 as the voltage rises from 1 to 7 V
in DI water solution. In a buffer solution with higher viscosity,
the aggregation rate and aggregated particles are remarkably
decreased. Thus, the concentration ratio of particle numbers
decreases with the increasing fluid viscosity (shown in Figure
3f). Similarly, because the channel height has a positive
influence on the particle-aggregation rate (shown in Figure
3d), the concentration ratio increases as channel height rises
(Figure 3g).
Additionally, we successfully conducted the efficient

focusing of yeast cells, demonstrating that this method can
be used to efficiently manipulate live cells (detailed
information can be seen in section S4 of the Supporting
Information). Moreover, for the first time, we carried out the
concentration of particles in insulating organic buffer. There
are few studies about the manipulation of insulating organic
solution, so our study can extend the application fields
(detailed information can be seen in section S5 of the
Supporting Information).

Nanosized Particle Concentration. Apart from micron-
sized particles, nanosized particles are also commonly studied
in the fields of chemistry, biology, and medicine, such as cell
organelle, DNA, and proteins. To verify the ability of this
method for focusing and manipulating nanoparticles, we
concentrated 100-nm copper particles (suspended in DI
water). Compared with the micron-sized particles, the
nanosized copper particles have a bigger diffusion coefficient
D = kBT/6πμr (kB is the Boltzmann constant, T is the
temperature, μ is the dynamic viscosity of fluid, and r is the
particle radius); their concentration distribution meets eqs
S10−S15 (shown in section S2 of the Supporting Informa-
tion). On the basis of this numerical model, we conducted
time-dependent concentration simulation at U = 5 V by using
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Comsol software (shown in Figure 4a and b). The initial
concentration C0 is set as 1 mol/m3. The results show that the

concentration at the bottom center increases over time. Figure
4c shows the concentration ratio ξ = Cmax/C0 under different
time nodes. It reaches 120 at t = 120 s, indicating an effective
concentration performance. The experimental results are given
in Figure 4d (see Movie S5). Before concentration, the 100-nm
copper particles are difficult to find under a microscope at 40-
fold magnification (BX53, Olympus, Japan). When applying a
5-V dc signal on the electrode for 120 s, we can observe the
accumulation of the copper particles into clusters at the
bottom center. This experiment demonstrates that our particle
concentration chip can be used to manipulate both microsized
and nanosized microbeads.
Concentration of Particle Mixture. After the concen-

tration of a single kind of particles, we further investigate the
trapping of two kinds of particles (Figure 5; see Movie S6).
Parts b−d of Figure 5 show the concentration profiles of 5-μm
and 2-μm PS beads under different voltages at t = 120 s. As
described in section S3 of the Supporting Information, the
higher downward gravity force FG compared with the upward
fluidic drag force Fdrag (FG > Fdrag) in the flow stagnation
region is the main reason causing particle deposition and
concentration. Under a low voltage (<2 V), two kinds of
particles are both trapped at the bottom center (Figure 5b and
c). This phenomenon can be explained by the higher gravity
forces acting on two kinds of particles compared with their
fluidic drag forces. When the dc voltage is >3 V, there are only
5-μm PS particles at the bottom center (Figure 5d). The
reason is as follows: the gravity force of the 2-μm PS beads is
lower than the fluidic drag force, whereas the gravity force of
the 5-μm PS beads is still greater than the fluidic drag force.
Figure 5e shows the percentage of two kinds of PS particles at
the bottom center under different voltages. Specifically, the
percentage of 2-μm PS particles in the flow stagnation region
decreases from 50% to 0% as the voltage rises from 0 to 4 V.
Aiming at particle mixtures, this experiment demonstrates that
it is possible to trap particles with different sizes at a reasonably
low voltage. When the voltage is appropriately increased, the
heavier microbeads can be selectively trapped. Thus, this
microfluidic platform has the potential to achieve particle
separation.
Particle Concentration in Different Patterns. In

microfluidic-based particle manipulations, apart from the single

circular clusters, there are lots of occasions where the
microbeads are supposed to focus into different patterns,
such as the particle beam and multiclusters. The concentration
patterns of microspheres are determined by the configurations
of the flow stagnation region. In our method, the configuration
of the flow stagnation region can be conveniently and cheaply
adjusted by changing the patterns of ITO-made microheaters.
To test our method’s flexibility for forming diverse
concentration patterns, besides the above single clustered
concentration, we first focused the 4-μm PMMA particles into
a single particle beam using a long strip-electrode to heat the
buffer (Figure 6a; see Movie S7). As shown in Figure 6a, under
a 7-V dc voltage, the randomly distributed PMMA particles in
a 190-μm deep microchannel are focused to the center of the
microheater within 10 min. Additionally, we successfully
conducted the trapping of PMMA particles at four circular
flow stagnation regions under a 6-V dc voltage (Figure 6b; see
Movie S7). These two experiments show that the particle-
manipulation platform has the potential to flexibly focus
microparticles into complicated particle patterns.

Continuous Particle Focusing. Continuous focusing of
particles into a narrow stream is usually necessary for upstream
operation in numerous microfluidic applications such as

Figure 4. (a, b) Simulated concentration profiles of nanocopper
particles under different time nodes: (a) top view and (b) side view.
(c) Concentration ratio ξ at different time nodes. (d) Trapping of
100-nm copper particles (see Movie S5). Scale bar, 100 μm.

Figure 5. Trapping of two kinds of PS particles. (a) Initial state. (b−
d) Trapping profiles under different voltages (see Movie S6). Scale
bar, 100 μm. (e) Percentage of PS particles under different voltages.
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fluorescence-activated cell sorting (FACS). Thus, it is
meaningful to realize continuous thermal-based particle
focusing. However, as discussed in the first section, the current
thermal tweezers are all low-throughput static particle-
concentration strategies. Therefore, a further attempt was
made to conduct continuous particle concentration by using
our particle-manipulation platform. First, we conducted the
continuous focusing of 4-μm PMMA particles in water solution
at U = 7 V and Qv = 500 nL/s. As shown in Figure 7a, apart

from axial migration, microparticles in water solution are also
driven to the bottom center by counter-rotating microvortices.
The microparticles are gradually concentrated into a
continuous particle beam by the effect of continuous transverse
vortices. Then the trapping experiments of PMMA particles in
absolute ethanol containing 50% glycerol were implemented at
the same voltage and flow rate (Figure 7b). According to eq
S9a (shown in section S2 of the Supporting Information), the
thermal expansion coefficient of buffer solution has a positive

influence on buoyancy convection. The thermal expansion
coefficients of the water, glycerol, and absolute ethanol are 2.08
× 10−4/K, 5 × 10−4/K, and 1 × 10−3/K, respectively. Thus, the
thermal expansion coefficient of absolute ethanol containing
50% glycerol in our simulation was set as ∼7.5 × 10−4/K. Also,
the initial viscosity of ethanol containing 50% glycerol is ∼5
times greater than that of water solution. After setting different
thermal expansion coefficients and the initial fluid viscosities,
we conducted the numerical analyses of the buoyancy
convection in these two kinds of liquid media. The results in
Figure 7a3 and b3 show that the convection velocity in
insulating organic solution is ∼1.5 times smaller than that in
water buffer, which also can be demonstrated by the
experimental videos shown in Movie S8. The continuous
focusing of PMMA particles in both conducting and insulating
fluids demonstrates that this method can be used to
continuously manipulate microbeads suspending in multiple
liquid media. More importantly, compared with the current
static thermal-based tweezers, this microdevice for continuous
particle manipulation has a higher throughput and can
integrate with other functional units to achieve multistep
processing of microbeads.

Metallic Nanoparticle Focusing in Hydraulic Oil. In
the machinery industry, >75% of mechanical failures are wear
failure.52 The micro/nanosized metallic wear debris in
lubricating and hydraulic oil carry a lot of information about
the working condition of machines. Therefore, the real-time
monitoring and analysis of these microparticles in machine oil
can timely and accurately predict equipment failures. Also, the
information carried by these particles can guide scientific
lubrication, an efficient method to reduce equipment failure
probabilities. In the early wear stage of machines, the number
of metallic nanoparticles in machine oil is very small, resulting
in a difficult observation and analysis process. For facilitating
the monitoring of metallic particles in hydraulic oil, it is
necessary to first achieve the particle prefocusing. To
demonstrate this method’s feasibility in the application of oil
monitoring, we conducted the focusing of 100-nm copper
particles in a highly viscous hydraulic oil with a viscosity of
43.94 mP·s at 40 °C (Total Hydransafe HFDU 46; the detailed
parameters are shown in Table S1). When the voltage is fixed
at 6 V, Figure 8a exhibits the concentration profiles at different
time nodes (see Movie S9). Clearly, the number of particles
focused in the bottom center increases over time. Figure 8 b
shows the enriching states of granular fluids with three particle
concentrations (0.25, 0.5, and 1 mg/mL) at t = 30 min and U
= 6 V. Specifically, the number of concentrated particles
increases as the particle concentration rises. The number of
particles in granular fluids is an important data to indicate the
wear condition of machines. To quantitatively evaluate the
particle number, we used the gray-value distribution at the
electrode’s surface to indirectly indicate the number of focused
particles. Figure 8c shows the gray-value distribution at t = 30
min, U = 6 V, and C = 0.25 mg/mL. According to the standard
deviations of gray value at different time points, we obtained
the variation trends of standard deviation at different particle
concentrations. As shown in Figure 8d, the slope of standard
deviation increases with the rising particle concentrations, and
the value of standard deviation gradually increases over time.
The slope of the standard deviation−time curve can be used to
compare the particle concentration speed at three concen-
trations, and the value of standard deviation indicates the
relative numbers of trapped particles.

Figure 6. (a) Concentrated particle beam by using a long strip-
electrode structure. (b) Simultaneous microbeads focusing at four
circular flow stagnation regions (see Movie S7). Scale bar, 200 μm.

Figure 7. (a) Focusing of 4-μm PMMA particles in water solution at
U = 7 V and Qv = 500 nL/s. (a1) Experimental image of PMMA
particle beam. (a2, a3) Flow fields on the top view and side view. (b)
Focusing of 4-μm PMMA particles in absolute ethanol containing
50% glycerol at the same voltage and flow rate (see Movie S8). Scale
bar, 250 μm. (b1) Experimental image. (b2, b3) Flow fields.
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■ CONCLUSIONS

We developed a novel approach for efficient particle
concentration in multiple liquid media by direct current-
induced thermal buoyancy convection. The influences of dc
voltage, channel height, and fluid viscosity on the chip’s
trapping characteristics were first analyzed by concentrating 4-
μm silica particles. Specifically, the increased dc voltage and
channel height positively influence the particle-aggregation rate
and the concentration ratio of particle numbers, while the fluid
viscosity has an opposite effect. The aggregation rate
(concentration ratio) increases from 0 (1.3) to 80.5 μm/s
(4.1) in DI water as the voltage rises from 0 to 7 V. Also, when
the voltage is fixed at 7 V, the aggregation rate (concentration
ratio) can be improved from 67.5 (3.44) to 80.5 μm/s (4.11)
by changing the channel height from 0.5 to 1.5 mm. As for the
influence of fluid viscosity, compared with the result in DI
water, the flow rate (concentration ratio) decreases by 32%
(30.4%) in DI water containing 40% glycerol. The flexible
particle concentration ability of this device was also
demonstrated by trapping yeast cells, silica particles in
insulating organic buffer, and 100-nm copper particles. The
trapping experiments of 5-μm and 2-μm PS microbeads
indicated that the chip can either simultaneously concentrate
two kinds of particles when the voltage is no more than 2 V or
selectively focus the heavier ones when the voltage is >3 V.
The different concentration patterns of microbeads demon-
strated that we can flexibly and cheaply adjust the trapping
profiles by changing the configurations of microheaters.
Furthermore, for the first time, we achieved continuous
particle focusing in both conducting and insulating buffer
solutions using buoyancy convection. As a consequence, this
thermal-based particle focusing method can be used to achieve
both static and continuous particle manipulations in multiple
liquid media. Finally, the feasibility of this method in effective
wear measurement of machines was demonstrated by
conducting systematical experiments of nanocopper particle
concentration within the hydraulic oil. Therefore, this
presented approach can be attractive for a broad range of
applications for its low cost, simplicity, flexibility, high
efficiency, and noncontact with buffer solution.
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