Trapping mechanism of submicron particles with vortex flows
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Abstract
Large-scale trapping and migration of submicron particles are challengeable and provide an
avenue for potential applications on sewage purification, material separation and screening.
Previously, we have experimentally demonstrated an efficient approach for trapping and migration
of 713-nm-diameter polystyrene particles in suspension by 1.55-m-wavelength laser generated
vortex flows. However, the physical mechanism behind the trapping process is unclear. Here we
theoretically explain the mechanism by numerically calculating the velocity gradient, temperature
gradient, and the resulted fluid pressure, thermophoretic force, as well as the resultant force (net
force). In the region near the tip end (photothermal source), the thermophoretic force is much larger
than the fluid pressure, the particles are pushed away from the tip end. In the region far away from
the tip end, the thermophoretic force is much smaller than the fluid pressure, which plays a
dominant role in the resultant force, leading the particles to be pushed into the position of the local
velocity maximum. This proposed mechanism successfully explains our previously experimental
observation on particles trapped into an elliptical annular region. Our experimental and theoretical
work provides an efficient technical means for the rapid removal of submicron particles and
pathogenic bacteria in water and the physical extraction of submicron particles in chemical
preparation.
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Introduction
Trapping and migration of micro-nano objects are of great significance for the assembly of
multifunctional micro-nano devices [1], manipulations of colloidal particles and living cells [2],
water purification [3], and even DNA replication and folding [4,5], etc. In order to achieve the
effective trapping of micro-nano objects, scientists have proposed many technical means, including
optical tweezers [6,7], photo-phoresis [8], dielectro-phoresis [9], magneto-phoresis [10], acoustic
tweezers [11], thermal phoresis [4,5], and convection method[12]. Among these methods, optical
tweezers can accurately trap and manipulate micro-nano particles, but the particles can only be
trapped at the focus of the laser beam, so the number of trapped particles is limited by that of beam
focus. Large number of particles trapping can be achieved by photo-phoresis, dielectro-phoresis and
magneto-phoresis, but they have special requirements on the refractive index, dielectric constant
and magnetic permeability for trapped particles, respectively. In contrast, acoustic tweezers, thermal
phoresis and convection method require less for particle properties and rely on the properties for the
liquid environment of particle suspension. These methods can be extended to various applications
by selecting the different liquids as particle carriers. Both thermal phoresis and convection are
achieved by controlling the temperature in the liquid, and the temperature control is conventionally
realized by heating with resistance [13,14]. The temperature response of resistance heating is slow
(10 s), which is not conducive to rapid temperature modulation. To avoid this problem, scientists
utilize the photothermal effect of the near infrared laser to control the temperature and then generate
thermal phoresis and convection [4,5,12]. In these works, the laser beam is usually focused into the
liquid through microscope objective lens, which requires that the liquid thickness cannot be too
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thick, and the adjustment range of incident angle is narrow, significantly limiting their application
scenarios. Previously, we have experimentally demonstrated that the massive trapping and
migration of submicron particles by laser induced vortex flows [15]. In the experiment, about 1 
106 of submicron particles were successfully trapped with one single vortex in 250 s. Compared
with the microscope lens focused laser beams, laser induced vortex flows method requires less on
liquid thickness and has a unique advantage on trapping particles in a narrow space due to the small
diameter of the optical fiber (125 m). In addition, the incident angle of laser beam can be
dynamically tunable. This method provides an efficient avenue for the realization of optofluidic
tweezers and motors [16]. However, the physical mechanism of particle trapping by vortex flows is
ambiguous. Therefore, in this work, we theoretically demonstrated the trapping mechanism by
numerically analyzing the velocity gradient, temperature gradient, and the resulted fluid pressure,
thermophoretic force. This proposed mechanism well interpreted the experiments.

Results and discussion
Submicron particles in the fluid are subjected to the drag force due to the viscous force of the
fluid, the magnitude of drag force (Fd) is expressed as equation (1) [17]:
Fd  6R

(1)

Where, R is the radius of the particle,   8.9  104 Pas, which is the viscosity coefficient of water
[18], and  is the velocity of the fluid relative to particle. In addition, according to the Bernoulli's
principle in fluid, the relationship between velocity and pressure is expressed as equation (2):
p  0.52  gh  C1

(2)

Where, p and h is the pressure and height at any position in the fluid, respectively.  is the density
of the fluid. g is the gravitational constant. C1 is a constant. In our previous experiment [15], h is the
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fluid thickness of about 0.5 mm, which is also a constant (a uniform thin film of liquid). Thus,
equation (2) is simplified to be as follows:
p  0.52  C2

(3)

Where C2 is a constant. Differentiate both sides of the equation (3) to get the following equation:
dp  d  0  dp  d

(4)

According to equation (4), the relationship between pressure gradient (p) and velocity gradient ()
can be expressed as: p  . The pressure and velocity gradients indicate their change rates in
space, respectively. The fluid pressure (Fp) on the particle can be obtained by integrating the dp at
different points of the particle surface, which is expressed as equation (5):
particle

Fp  ∯𝑆

d𝑝

(5)

After mathematical derivation and simplification, Fp can be expressed as equation (6) [19]:
Fp  KR2√



(6)



Where  / and K  81.2, which is an empirical constant. The other quantities are the same as
those in equation (1).
In fact, in addition to considering the force exerted on the particles by the fluid, the other
forces may also be exerted on particles, including buoyant force, gravitational force, laser induced
optical force, and the thermophoretic force caused by temperature gradient. Since the density of
polystyrene (PS) particle is close to that of water, buoyancy and gravity almost cancel each other
out. The 1.55 m laser beam is spatial confinement and strongly absorbed by the water, so the effect
of optical force can be neglected in the vortex. The thermophoretic force (FT) can be calculated by
the following equation (7) [20]:
FT 



92 𝑅𝑇

𝑇

(

𝑘water

𝑘ps  2𝑘water
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)

(7)

Where, water viscosity   8.9  104 Pas, water density   103 kgm3, particle radius R  3.565 
107 m. Temperature T and gradient T indicate the thermal distribution near the particle. kwater and
kps is the thermal conductivity of water and PS particle, respectively. The magnitude of FT is
proportional to that of TT and the direction of FT is from high temperature region directed to low
temperature region.

Based on the above analysis, the drag force Fd drives the particle moving with the fluid, while
the interaction of Fp and FT determines the lateral displacement of the particle during the moving
process. In order to further understand the process of particle trapping by vortex flow, the finite
element method was used to simulate the distribution of temperature and fluid fields on liquid
surface. Figure 1a shows the temperature field distribution at the liquid surface. The temperature
increases significantly near the tip end, and the maximum temperature is about 363 K. Along the
direction of the optical fiber axis, the temperature gradually decreases. For the direction
perpendicular to the optical fiber axis, and the temperature field exhibits a Gaussian distribution.
Figure 1b shows the velocity distribution of thermal convection occurred at the liquid surface,
which is similar to the experimental result as shown in Figure S1 of Supplementary Information.
The convection mode is four vortices, and the flow direction of adjacent vortices is opposite. The
vortices are symmetric about the axis of the fiber, and the right vortices have a larger range than that
of the left vortices. The flow velocity is relatively large near the tip end, and the maximum velocity
is about 20 mms. Away from the tip end of optical fiber, the flow velocity gradually decreases. In
previous experiments [15], we have showed that the specific distribution of the flow velocity in the
vortex led to the trap of PS particles. Therefore, it is highly important to study the velocity
distribution on the liquid surface for understanding the mechanism on trapping of PS particles by
5

the vortex. In order to intuitively known the distribution of the flow velocity on the liquid surface,
we drew a three-dimensional graph of the velocity distribution in the form of a color curved surface
(as shown in Figure 1c). The height and color of the curved surface more intuitively reflect the
magnitude of the flow velocity. The larger the velocity, the higher the height. It can be seen that the
curved surface near the tip end of the optical fiber exhibits the height maximum and the deep red
color, indicating that the flow velocity is largest in this area. From the tip end to the edge area, the
surface height decreases gradually, and the color is deep red to red, then gradually changes to
yellow, green, blue, and finally turns into dark purple near the edge. This reflects the process of the
flow velocity decreasing from the maximum to the minimum value.

Figure 1. Temperature and velocity distribution. (a) Temperature distribution of liquid surface,
the temperature increases significantly near the tip head with maximum of about 363 K, and the
temperature of other regions is basically consistent with the external temperature of about 298 K.
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The white rectangle is the fiber tip. (b) Velocity distribution of liquid surface, showing a pattern
with four vortices. The velocity near the tip head is larger than that of away from tip head, the
maximum velocity is of about 20 mms. Blue line and red arrow represents the flow path and
direction, respectively. (c) Three-dimensional mapping of velocity distribution, showing a big cloak
and four small concave valleys. Inset on the left shows the enlarged view of one concave valley.
The position of concave valley corresponds to the center of vortex. Red arrow indicates the position
of the fiber tip. Black arrow illustrates the enlarged viewing.

It is worth noting that in the process of gradually decreasing velocity, four concave valleys
appeared in the color curved surface (Figure 1c), and the concave valleys coincidently corresponded
to the position of the center of the vortex in Figure 1b. To specifically known the velocity
distribution around the concave valley, we selected one of the concave valleys (indicated with the
black oval circle) and redrew the three-dimensional graph for the velocity distribution around it.
The result is shown as the left inset of Figure 1c. As can be seen from the left inset, the edge of this
region basically conforms to the trend of decreasing velocity, but a concave valley appears in the
center of this region. The lowest point of the valley is the center of the vortex, where the velocity
approaches zero. The black dotted line indicates the position of the valley mouth of the concave
valley. From the center of the valley to the valley mouth, the velocity increases gradually. Such
velocity distribution is consistent with the experimental measurements in Figure 3a of Reference
[15]. This distribution characteristics of flow velocity partly explain the reason why PS particles are
trapped by vortex flows. According to Bernoulli's principle, the pressure near the valley mouth will
be smaller than that inside the concave valley, so PS particles inside the concave valley will be
pushed towards the valley mouth under the action of pressure difference, which is consistent with
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the experimental phenomenon [15]. However, outside the concave valley, the velocity distribution is
not sufficient to explain that PS particles were first trapped in an elliptical annular region within the
vortex (as shown in Figure 3c of Reference [15]). In the left inset, the velocity at the bottom left of
the concave valley is lower than that at the valley mouth, and the pressure is higher than that near
the valley mouth. The PS particles will still be pushed towards the valley mouth, which is also
consistent with the experimental results. But in the upper right corner of the concave valley, where
the velocity is higher than that near the valley mouth, and the pressure is lower than that near the
valley mouth, the PS particles will be pushed away from the valley mouth and will continue to
move toward the fiber tip. However, the experimental results show that the PS particles were not
continuously pushed to the optical fiber tip, but trapped in the vortex, and along with other trapped
particles to form an elliptical annular region. The reason for the PS particles were not pushed
toward the fiber tip under the pressure difference caused by the velocity gradient is that in addition
to the fluid pressure (Fp), PS particles will also be subjected to the thermophoretic force (FT) caused
by the temperature gradient. As can be seen from Figure 1a, the temperature increases significantly
near the tip end, but rapidly attenuates from the tip end to the surrounding area. Therefore, the
temperature gradient near the tip end will be more obvious and generate a greater thermophoretic
force. As soon as FT  Fp, the PS particles will be pushed away from the tip end. For the regions far
away from the tip end, the liquid surface temperature is basically close to the external temperature,
and the temperature gradient is relatively small, thus resulting in a weak thermophoretic force. At
this time, the PS particles are mainly affected by the fluid pressure. Therefore, the thermophoretic
force plays a dominant role in the area close to the tip end. In the area away from the tip end, the
fluid pressure plays a dominant role. In this way, under the combined interaction of thermophoretic
force and fluid pressure, PS particles will be first trapped to an elliptical annular region within the
8

vortex.
In order to verify the rationality of the above analysis, we take the vortex in the upper left of
Figure 1b as an example to theoretically analyze its velocity and temperature distribution along the
long and short axis as well as the distribution of pressure and thermophoretic force. Figure 2a shows
the velocity and temperature distribution along the long axis of the vortex. The velocity is the
maximum near the tip end (15 mms) and rapidly decreases to near zero at the center of the vortex,
and then gradually decreases to zero after rapidly increasing to a maximal value (0.4 mms). The
temperature rapidly decreases from 363K to 298K along the long axis of the vortex. Based on the
data points of temperature and velocity distribution curves, the velocity gradient and temperature
gradient of each data point can be calculated. Because the magnitude of each data point is not in the
same order of magnitude, it is not easy to see the change rule of data points in small order of
magnitude presented in linear coordinate. So we mathematically transform the data f(x) as follows:

log(f(x)*10n), where   f(x)f(x) is the sign of data f(x), data f(x) is zoomed in 10n times to shift
the logarithm up by an integer n. Take the value of the integer n so that the result of log(f(x)*10n) is
positive for all data points, satisfying f(x)*10n  1, to ensure that  can reflect the sign of the
original data. The distribution curves of velocity gradient and temperature gradient after
mathematical transformation along the long axis of the vortex are shown in Figure 2b. Where the
data in the curve is positive, it means that the velocity (or temperature) increases gradually along
the long axis; where the data is negative, the velocity (or temperature) decreases gradually along the
long axis. The larger the data value, the greater the gradient and indicating that the faster of the
change for velocity (or temperature). As can be seen from the blue curve of Figure 2b, from the
bottom right of the vortex to the center of the vortex, the velocity gradient is negative, and the value
gradually decreases, indicating that the velocity gradually decreases, and the decrease is slower and
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slower. From the center of the vortex to the upper left edge, the velocity gradient is positive, and the
value increases first and then decreases, indicating that the velocity increases gradually, and the
increasing amplitude increases first and then decreases; After that, the velocity gradient becomes
negative, and the value first increases and then decreases, indicating that the velocity gradually
decreases, and the decreasing amplitude first increases and then decreases. For temperature (red
curve of Figure 2b), along the long axis of the vortex, the temperature gradient is always negative.
After the logarithmic transformation, the transformed quantity changes linearly with the distance for
0 to 760 m range, indicating that the temperature gradient originally presents the characteristic of
exponential decay. The transformed quantity is zero for distance larger than 760 m, which is
actually not accurate, because the temperature gradient is not equal to 1, but only because the
temperature change is very small in this range. When processing the data, the value of the
temperature gradient is calculated to be zero within data accuracy, the logarithm of zero is illegal, so
the zero value in this range indicates the value of temperature gradient.
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Figure 2. Velocity, temperature, and force analysis. (a) The velocity and temperature distribution
curves along the long axis of the vortex (long axis is indicated by an arrow in the ellipse). The
velocity curve is logarithmic, and the dotted green line indicates the position of the vortex center. (b)
The velocity gradient and temperature gradient distribution curves along the long axis of the vortex,
which are calculated from the velocity and temperature distribution. Data points are logarithmic
results. The direction of the arrow in (a) is defined as positive, while the opposite direction is
defined as negative. (c) Distribution curves of fluid pressure (blue) and thermophoretic force (red)
along the long axis of the vortex. (d) Distribution curve for the net force Fnet of Fp and FT along the
long axis of the vortex. The four short arrows indicate the changes in the direction of the net force.

According to the obtained velocity gradient and temperature gradient, the fluid pressure (Fp)
and thermophoretic force (FT) at the corresponding positions can be calculated by using equations
(6) and (7), respectively. Similarly, the logarithmic transformation of Fp and FT were performed,
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and the results are shown in Figure 2c. We use the same magnification factor of n  20 and same
coordinate scale for both Fp and FT, so as to intuitively present the relative magnitudes of Fp and FT.
As can be seen from the red curve of Figure 2c, FT is always positive, indicating that its direction is
always pointing to the positive direction of the long axis (arrow direction of Figure 2a), and its
magnitude linearly decreases to zero at distance of 760 m. The maximum value of about 15.5 N
occurred at the bottom right corner of the vortex. As for the blue curve of Figure 2c, from the
bottom right corner of the vortex to the center of the vortex, Fp is negative, indicating that its
direction is opposite to the positive direction of the long axis, and the magnitude value gradually
decreases from 14.0 to 11.2 N. From the vortex center to the distance of 550 m, Fp is positive
and its direction points to the positive direction of the long axis, and the magnitude value kept
around 11.6 N. When the distance larger than 550 m, Fp becomes negative and its direction is
opposite to the positive direction of the long axis, and the magnitude value gradually decreases from
11.2 to 9.5 N. Once we have obtained the value of Fp and FT, the net force between them can
be calculated by Fnet  Fp  FT. Figure 2d shows the distribution curve of net force Fnet with
logarithmic transformation along the long axis of the vortex. The net force Fnet undergoes three sign
changes along the long axis, indicating three changes in force direction, as illustrated by four short
arrows. From the bottom right corner to the center of the vortex, the net force Fnet is positive first
and then becomes negative, giving the first sign change at distance of 100 m. The second sign
change occurred at vortex center. From the center of the vortex to the upper left corner, the
difference between the logarithmic transformation results of Fp and FT has exceeded 3, indicating
that the difference (Fp  FT) between their original values is more than three orders of magnitude, so
the Fnet will mainly depend on Fp. The third sign change occurred at distance of 550 m. Under the
action of such a net force, suspended PS particles will be trapped into two regions on both sides of
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the vortex center with the region centers at distance of 100 and 500 m, respectively, which is
consistent with the experimental results.
Using the above method, we performed the similar data analysis on the distribution of velocity,
temperature, and force along the short axis of the vortex. Figure 3a shows the velocity and
temperature distribution curves along the short axis of the vortex. The velocity is the minimum at
the center of the vortex. From the vortex center to the two sides, the velocity first increases and then
decreases, while the velocity on the left side is slightly larger than that on the right side. The
temperature is the highest at the vortex center, because it is closer to the tip end. The temperature
gradually decreases from the vortex center to both sides, but the temperature change is very small,
and the maximum change is about 0.5 K. The velocity gradient and temperature gradient can be
calculated from the velocity and temperature distribution curves, and the calculated results with
logarithmic transformation are shown in Figure 3b. The velocity gradient changes from positive to
negative on both sides of the vortex center, respectively, which is corresponding to that the velocity
first increases and then decreases. The temperature gradient is positive on the left and negative on
the right of the vortex center, corresponding to that the gradual increase on the left and the gradual
decrease on the right of temperature. By substituting the calculated velocity gradient and
temperature gradient into equations (6) and (7), respectively, the fluid pressure (Fp) and
thermophoretic force (FT) at the corresponding positions can be calculated. The distribution curves
of Fp and FT after logarithmic transformation are shown in Figure 3c. On the left side of the vortex
center, Fp is positive first and then negative, indicating that its direction is first in the positive
direction of the short axis and then in the negative direction of the short axis; while FT is negative
and always in the negative direction of the short axis. The logarithmic transformation magnitude of
Fp is more than 2 times larger than that of FT, indicating that the original value of Fp is two orders
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of magnitude larger than that of FT. On the right of the vortex center, Fp is first in the positive
direction of the short axis and then in the negative direction of the short axis, while FT is always in
the positive direction of the short axis. Where Fp is also about two orders of magnitude greater than
FT. Figure 3d shows the distribution curve of net force (Fnet  Fp  FT) with logarithmic
transformation along the short axis of vortex. Because Fp is two orders of magnitude larger than FT,
Fnet  Fp  FT  Fp. The net force Fnet will undergo three sign changes along the short axis of the
vortex, as indicated by four short arrows. The position of the sign change corresponds to the
position of the velocity maximum as shown in the blue curve of Figure 3a. The position is at
distance of 275 and 805 m, respectively. Under the action of this net force, suspended PS particles
will be trapped into the position of the velocity maximum along the short axis of the vortex, which
is consistent with the experimental results.

Figure 3. Velocity, temperature, and force analysis along the short axis. (a) The velocity and
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temperature distribution curves along the short axis of the vortex (short axis is indicated by an
arrow in the ellipse). The velocity curve is logarithmic, and the dotted green line indicates the
position of the vortex center. (b) The velocity gradient and temperature gradient distribution curves
along the short axis of the vortex. The direction of the arrow in (a) is defined as positive, while the
opposite direction is defined as negative. (c) Distribution curves of fluid pressure (blue) and
thermophoretic force (red) along the short axis of the vortex. (d) Distribution curve for the net force
Fnet along the short axis of the vortex. The four short arrows indicate the changes in the direction of
the net force.

As the example above, we have calculated and analyzed the forces of PS particle along the
long axis and the short axis of the vortex. The calculation results show that FT  Fp for the region
near the tip end, the net force prevents PS particles from being trapped in this region. In the vortex,
there is a region with the magnitudes of FT and Fp are in the same order of magnitude. Thus, under
the combined action of FT and Fp, suspended PS particles will be trapped into an elliptical annular
region between the vortex center and the vortex edge. In the region far away from the tip end of
optical fiber, FT  Fp, the suspended PS particles will be trapped into the position with a higher
velocity under the action of Fp. This successfully explains that the PS particles are experimentally
first trapped into an elliptical annular region between the center and the edge of the vortex. As more
and more particles are trapped into this annular region, because of the fluid flow and the increasing
collisions between particles, the particles will not only assemble into the initial annular region, but
will cause the elliptical annular region to gradually widen and eventually fill up the vortex.

Conclusions
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Finite element method was used to simulate the temperature and fluid distribution, and
combined with the simulation results, the force of the submicron particles in the vortex was
calculated and analyzed to explain the trapping mechanism by vortex flow. The temperature and
velocity distributions on the liquid surface were obtained through numerical simulation, and then
the distribution along the long and short axis for one of the vortices were taken as examples. The
velocity gradient and temperature gradient along the corresponding direction of long and short axis
were calculated, and the fluid pressure (Fp) caused by the velocity gradient and the thermophoretic
force (FT) caused by the temperature gradient, as well as their net force (Fnet) were systematically
obtained. The obtained results show that Fp tends to move the particle to the position of the local
velocity maximum, while FT tends to keep the particle away from the tip end. In the region near the
tip end, FT is much larger than Fp, the particles are pushed away from the tip end. In the region far
away from the tip end, FT is much smaller than Fp, and Fp plays a dominant role in net force Fnet,
thus the particles are pushed to the position of the local velocity maximum. From the tip end to the
vortex center, FT is reduced to that comparable with Fp after a certain distance, and the combined
action of FT and Fp enables the particles to be trapped into a certain region between tip end and
vortex center. Therefore, an elliptical annular region for particle trapping can be created, which
successfully explains the experimental observation.
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Figure S1. Optical micrograph shows the experimental distribution of thermal convection with four
vortices. The diameter of used fiber tip is about 125 m.
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