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Manipulation of a Micro-Object Using Topological Hydrodynamic Tweezers
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Manipulating microscale object plays a paramount role in a wide range of fundamental research efforts
and applications. At the microscale, various methods have been developed in the past decades, including
optical, electric, magnetic, aerodynamic, and acoustic methods. However, these noncontact forces are
susceptible to external disturbance, and so finding a way to make microscale object manipulation immune
to external perturbations is challenging and remains elusive. Here, we demonstrate a method based on a
trapping mechanism to manipulate a microscale object in a gas flow at ambient conditions. We first show
that the microdroplet is entrapped in a trapping ring constructed by a particular toroidal vortex. The vortex
works as tweezers to control the position of the microdroplet. We then show that the microdroplet can be
transported along the trapping ring. By virtue of the topological character of the gas flow, the transport path
is able to bypass external strong perturbations automatically. We further demonstrate a topological transfer
process of the microdroplet between two hydrodynamic tweezers. Our method provides an integrated
toolbox to manipulate a microscale object, with an intrinsic mechanism that protects the target object from
external disturbances.
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I. INTRODUCTION

Manipulating a microscale object is always a chal-
lenging issue in various fundamental research efforts and
applications. Because methods based on direct mechanical
contact fail at the microscale, various noncontact meth-
ods have been developed in the past decades, including
optical [1], electric [2], magnetic [3], aerodynamic [4],
and acoustic [5] methods. These methods have found
wide applications in physics [6,7], chemistry [8], biology
[9,10], and information science [11,12]. However, because
of the fragility of the noncontact force, the manipula-
tion of a microscale object is often susceptible to external
disturbance.

Topological phenomena have been observed in var-
ious physics systems recently, involving charge [13]
and spin transport [14,15], optical photons [16–19],
microwaves [20,21], mechanical vibrations [22], and
acoustics [23]. One topological phenomenon’s character is
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such that the global transport process is immune to local
disturbance [24].

In fluid dynamics, the vorticity � is a pseudovector field
that describes the vortex field, and it is defined as the curl
of the flow velocity υ, i.e., � = ∇ × υ. For an incom-
pressible fluid, vorticity has the special property that its
field lines never cross. This indicates an important topo-
logical property that knotted or linked loops in the fluid
remain knotted or linked even in the presence of viscosity
or external local perturbations [25,26]. Besides fundamen-
tal interest, whether such topological properties have any
practical application remains to be explored.

Here, we generate a particular toroidal vortex using a
tapering micronozzle, which works as tweezers to manipu-
late the microdroplet at ambient conditions. In this trapping
mechanism, the particle released in gas flow is entrapped
in the vortex core under the action of Stokes drag force
from the vortex flow and a restoring force in the gravity
direction. By taking advantage of the nonlocal topological
property of the vortex flow field, we further demonstrate
the transport and transfer of the object in a controllable way
that is intrinsically protected from external disturbance.

2331-7019/19/12(4)/044017(7) 044017-1 © 2019 American Physical Society

https://orcid.org/0000-0001-8085-8012
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.12.044017&domain=pdf&date_stamp=2019-10-08
http://dx.doi.org/10.1103/PhysRevApplied.12.044017


PEIRAN YIN et al. PHYS. REV. APPLIED 12, 044017 (2019)

II. CONCEPT OF THE HYDRODYNAMIC
TWEEZERS

For a microparticle released in a nonuniform flow, deter-
mining the drag and lift forces arising from both iner-
tia and unsteady effects at a low Reynolds number is a
long-standing open question in fluid dynamics [27–29].
Intuitively, when a micro-object is released in a swirling
fluid flow, it is predicted to spiral toward the equilibrium
point close to the center of the vortex core. Actually, it is
verified in our experiment that, at a low Reynolds num-
ber around 0.001, a heavy microparticle in the particular
toroidal vortex is entrapped in a trapping ring spirally. We
can manually pull the microparticle to transport along the
ring.

Before building practical hydrodynamic tweezers, three
issues need to be addressed. First, the size of the object
to be trapped is dependent on the characteristic scale of
fluid flow, and so it is possible, in principle, to realize the
control of an arbitrarily small object. However, as the sys-
tem scales down, the condition of continuous fluid would
fail and the molecular behaviors would emerge. The typ-
ical value of the mean free path is tens of nanometers for
a gas phase flow in a practical realization and subnanome-
ter when a liquid phase fluid is used. The second issue is
the fluctuation of the fluid field. As the fluid flows past
an object, the object also exerts a back action onto the
fluid. This effect is characterized by the Reynolds num-
ber (Re). When Re is large enough, turbulence occurs and
the system becomes unstable. For micro-objects, however,
the typical Re is usually small enough to avoid turbulence.
The third issue is related to the viscosity. As a vortex in
a nonideal fluid will eventually spread and damp out, a
suitable external pump is necessary to maintain the main
structure of the vortex.

The scheme of our hydrodynamic tweezers is shown
in Fig. 1(a). The gas flows from a tapering micronozzle
and generates a toroidal vortex downstream. A microscale
particle set around the vortex tube feels a trapping force
FT, which attracts the object toward the vortex center that
forms a ring in the x-y plane. So such a particle can
be trapped on the ring steadily with this hydrodynamic
tweezers.

The generated flow field is symmetric around the z axis.
So the flow patterns can be clearly demonstrated by the
streamlines [31] in the y-z plane as shown in Fig. 1(b).
The stream function is defined by

� =
∫ y

0
vzy dy, (1)

where vz is the magnitude of velocity of the gas flow
in the z direction. The stream function is obtained by
a numerical simulation of the flow field [32], which

(a) (b) (c)

FIG. 1. Concept of the hydrodynamic tweezers. (a) Schematic
plot of the system. Gas flow indicated as blue field lines comes
from a micronozzle and generates a vorticity field �, indicated
as yellow field lines. An object is indicated as a purple sphere,
which spins with the vortex field. This object feels a trapping
force FT, which pulls it toward the trapping ring shown as a red
circle. The object can move along the ring and is stably trapped
in the ring. (b) Streamlines of the fluid flow in the y-z plane.
The red dot marks the trapping point. (c) Numerical simulation
of the velocity and vorticity fields in the cross section shown as a
dotted box in (b). They are indicated by blue arrows and yellow
dots, respectively. The size of marks is proportional to the field
strength and the region is about 100 by 100 μm. In the simula-
tion, the nozzle diameter is 20 μm, and the maximum velocity
at the nozzle outlet is 3.2 ms−1 (see Sec. I of the Supplemental
Material [30]).

is described in detail in Sec. I of the Supplemen-
tal Material [30]. As indicated in Fig. 1(b), the vor-
tex core is formed over one nozzle diameter length
downstream. The flow around the vortex core can
be approximately described as a forced vortex in the
y-z plane with a vortex center at the vortex core. The angu-
lar velocity ω is around 2π × 16 Hz. The velocity and
vorticity fields in the cross section shown as a dotted box in
Fig. 1(b) are indicated by blue and yellow marks, respec-
tively, in Fig. 1(c). The vorticity � is invariant around the
vortex center with � = 2ω. With the distance from vor-
tex center no more than 50 μm, the maximum velocity
deviation from the forced vortex model is within 20%.

For a particle released near the toroidal vortex at a low
Reynolds number, it feels drag and lift forces from the flow
[27–29]. With the main concern being about the trapping
process near the vortex core, it is reasonable to approx-
imately treat the flow in the vicinity of the vortex core
in one cross section (i.e., the y-z plane) as a forced vor-
tex. Then the trapping dynamics can be further studied
analytically.

III. TRAPPING THEORY

The Reynolds number of the flow is Re = dυρ/μ,
where d is the diameter of the nozzle; υ is the magnitude
of velocity of fluid flow; and ρ and μ are the fluid’s density
and viscosity coefficient, respectively. For the micronozzle
in our scheme, Re is much less than 10, which is far from a
turbulent condition. Similarly, the particle Reynolds num-
ber Rep = aυsρ/μ is around 0.001. Here, a is the radius of
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the particle and υs is the magnitude of relative velocity of
the particle and fluid measured on the streamline through
the center of the particle (i.e., vs = vp − v).

In our setup, a liquid microscale droplet is released in a
gas flow at ambient conditions. So the buoyancy and the
classical pressure gradient of the unperturbed flow can be
ignored comparing with the Stokes drag force. The force
analysis of the droplet in fluid flow is shown in Fig. 2(a).
The gravity of the droplet is balanced by the diamagnetic
force generated by an array of magnets (see Sec. II of
the Supplemental Material [30] for more detail). There-
fore, the droplet feels a restoring force Fm = −kz in the z
direction near the equilibrium position. In the limit of 1 �
T1/2

a � Rep , where Ta = a2ωρ/μ is the Taylor number,
the correction to the Stokes drag force FD is, in fact, the
time-dependent history force FH on the particle [28,29],
which is of the order of approximately T1/2

a 6πμavs. In our
scheme, T1/2

a is around 0.01, so the rate of approach to the
trapping point is modified only slightly by the small history
force. As a consequence, the key forces driving this heavy
liquid droplet to the stable trapping point are the Stokes
drag force from such a vortex and a restoring force Fm
just in the z direction. So the trapping force can be briefly
expressed as

FT = FD + Fm = −6πμavs − kz. (2)

Hence, a droplet under the stable balance of an external
force Fext and the trapping force stays stably at one position
away from the vortex center. Increasing flow velocity can
strengthen the trapping force, so the tweezers are stronger
to overcome external interactions. This adjustable trapping
force lets the hydrodynamic tweezers have more practical
applications.

To further analyze the dynamic process of trapping, we
choose the rotating reference frame of angular velocity
of ωx̂, with the origin point at the vortex core, as shown
in Fig. 2(b). Then the particle motion equation can be

(a) (b) (c)

FIG. 2. Trapping dynamics. (a) Force analysis of the droplet
in the y-z plane. The red dot indicates the vortex center, and the
purple sphere represents the droplet. The angular velocity ω is
constant. (b) A sketch of the dynamics of the object in a rotating
reference frame. (c) A sketch of the dynamics of the object in a
Penning trap with gas damping.

written as(
ÿ
z̈

)
=

(
ω2 − k

2m

) (
y
z

)
+ 2ω

(
ż

−ẏ

)
− 6πμa

m

(
ẏ
ż

)

− k
2m

(− cos(2ωt) sin(2ωt)
sin(2ωt) cos(2ωt)

)(
y
z

)
. (3)

It is noted that now (y, z) is the position of the particle
in the rotating frame. The first two terms in the right-hand
side (rhs) of Eq. (3) describe the radial motion in a Penning
trap [33] shown in Fig. 2(c).

The first term in the rhs of Eq. (3) represents the radial
repulsive force Fr corresponding to the electrostatic poten-
tial of a Penning trap, and the second term in the rhs of
Eq. (3) represents the Coriolis force corresponding to the
Lorentz force of a Penning trap. Without gas damping, the
perpetual radial motion of a trapped particle in a Penning
trap can be resolved into a fast modified cyclotron motion
with angular velocity ω′

c and a slow magnetron motion
with angular velocity ωm. Correspondingly, we have

ω′
c = ω +

√
k

2m

ωm = ω −
√

k
2m

.

(4)

Now, we consider the buffer gas cooling of a Penning
trap [34]. The damping effect refers to the third term in
the rhs of Eq. (3). Under the damping effect, the energy
of cyclotron motion decreases, and its radius shrinks. But
the magnetron motion has a maximum total energy at the
center of the trap because of its negative sign of energy.
The buffer gas damping causes the particle to move down
the magnetron energy hill to a larger radius, which means
the failure of trapping the particle at the center. Hence, we
need an azimuthal rf quadrupole field in the trap at fre-
quency 2ω = ω′

c + ωm to realize a parametric process that
couples the two motions [35]. This is just the last term in
the rhs of Eq. (3). The parametric coupling can convert the
magnetron motion to the modified cyclotron motion and,
combined with the gas damping, causes the magnetron
radius also to decrease. Then the particle can be entrapped
steadily at the center, as indicated by the trajectories in
Figs. 2(b) and 2(c).

Hence, the trapping mechanism of the particle can be
understood as a gas damping process of a Penning trap
using (ω′

c + ωm) parametric coupling. Then, the condition
necessary to achieve trapping is obtained as follows:

ω ≤ ωmax =
√

k0

2ρ
+

(
k0a2

9μ

)2

, (5)

where k0 = 3k/(4πa3). When ω = ωmax, it is the critical
condition that the parametric term offsets the damping term
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exactly at any moment; then the particle keeps perpetual
radial motion as in an ideal classic Penning trap. Turning
back to the laboratory reference frame, this critical con-
dition is that the particle travels around the vortex center
in a periodic orbit with ω = ωmax. An angular velocity
ω < ωmax makes the particle spiral into the trapping cen-
ter as desired, while a larger ω leads to the escape of the
particle.

IV. EXPERIMENTAL MANIPULATION OF THE
MICRO-OBJECT

A. Trap

In the experimental realization schematically shown in
Fig. 3(a), we employ a microdroplet of water as the target
to be controlled by the hydrodynamic tweezers. An array
of magnets are used to offset the gravity of the droplet by a
diamagnetic effect [36,37]. A tapering glass nozzle is used
to generate a particular toroidal vortex in the center region
of the magnet array. We use a dosing valve to precisely
control the volume flow rate of the gas under an additional
pressure P at the inlet. A microscope is used to observe the
droplet. Our experiments are carried out at room tempera-
ture using nitrogen gas for extensive use. Figures 3(b)–3(d)
show the photographs of the setup, the nozzle, and the
droplet suspended in the region at the center of magnet
array. The region is a cylindrical cavity of radius 0.6 mm
and height 1.2 mm. It is noted that the offset force gener-
ated by the magnets can be produced by other means, such
as by electric forces or dielectric forces, depending on the
target material.

To create a droplet in the fluid flow, we use a piezo setup
to generate a mist of water with a diameter less than 5 μm.
These small droplets spiral into the trapping ring to con-
dense into a bigger one; the trajectories can be seen in
Supplemental Video 1 [30]. We control the gas flow veloc-
ity at the nozzle outlet by setting the applied pressure P
less than 1 psi and tuning the dosing valve precisely. Then
we measure the flow velocity to get the ω between 2π × 5
and 2π × 50 Hz. At ambient conditions, the viscosity of
nitrogen gas is 17.6 μPa s. The droplet is liquid water
of density ρ = 1.0 g cm−3 and volume magnetic suscep-
tibility χv = 9.0 × 10−6. During the process of capturing
these submicron particles with our hydrodynamic tweez-
ers, we can get control of the droplet size by tuning the time
duration of water mist generation. Droplets with diameter
ranging from as large as 300 μm to less than 10 μm can
be stably trapped. For a smaller droplet (less than 3 μm),
trapping becomes unstable and escaping becomes frequent.
The reason is that, for a small droplet, the instability of the
flow becomes so significant that the drag force pulls the
object along the velocity of the fluid and eventually makes
it fly out of the bound field as a result of centrifugal force.

The micronozzle used to generate gas flow is made of a
glass tube with an inner diameter 1 mm and is fabricated

(a)

(e) (f)

(g) (h)

(b)

(c) (d)

FIG. 3. Experimental trap of a droplet using hydrodynamic
tweezers. (a) Schematic plot of the construction of the hydrody-
namic tweezers. An array of magnets generates the diamagnetism
force to offset the gravity of the droplet; then the vortex field can
easily trap the water droplet. A microscope is used to record the
position as well as the motion of the droplet. (b) Photograph of
the tweezers structure. A microdroplet of droplet can be trapped
in the center region of the magnet array. (c) Photograph of the
nozzle made from a glass tube with a 1-mm inner diameter. (d)
Photograph of a typical microdroplet being trapped. The droplet
is spinning, which can be observed in the condensing process
(see Supplemental Video 1 [30]). (e) The measured positions of
the microdroplet that are obtained by slightly changing the rel-
ative location of the magnetic field to the nozzle. The positions
clearly show a ring structure as expected; the slight deformation
is due to the imperfection of the nozzle and the boundary effect
from the center region of the magnet array. The gray arrow indi-
cates the position of the nozzle tip. (f)–(h) The projection of data
in (e) to the y-z, x-z, and x-y planes.

by a heating-pulling process. A nozzle with outlet diame-
ter d being about 20 μm can generate a trapping ring with
a radius around 210 μm, which is insensitive to the flow
velocity and droplet size. The nozzle is mounted on a man-
ual positioner so that the position of the gas flow field can
be tuned.
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We build the diamagnetic trap using an array of 16
pieces of micromachined (Nd, Fe)B permanent magnets
of the same structure (see Sec. II of the Supplemental
Material [30]), and they are held by a copper unit. The
strength of the restoring force near the equilibrium is k =
4πa3k0/3, with k0 = 4.69 × 107 Nm−4. Theoretically, the
droplet is steadily trapped at any position along the trap-
ping ring, but in the presence of the diamagnetism-gravity
potential, there is only one trapping point close to the
center of the magnetic bound field. The position of the
magnets can be slightly tuned to generate an external force
Fext, which can be utilized to pull the droplet. So the equi-
librium position of the droplet along the trapping ring can
be controlled. Figure 3(e) shows the measured positions
where the droplet is trapped by the tweezers. As expected,
the stable equilibrium positions only exist on the trapping
ring.

B. Transport

Having achieved the trapping of droplet, we continue
to test transport behavior of the micro-droplet along trap-
ping ring, the experimental process is shown in Fig. 4(a).
A glass needle that works as a disturber is put to be close
to the path of droplet. The van der Waals (vdW) interac-
tion between droplet and needle surface is so strong that
the droplet will attach to the surface of the needle in the
absence of gas flow. For the hydrodynamic tweezers here,
however, the droplet is bounded on the trapping ring. So
when the external disturber is approaching, besides vdW
interaction, there is also hydrodynamic interaction between
the droplet and surface. Then the droplet would bypass the
disturber.

The fluid flow in the vicinity of the disturber develops
boundary layers. In the boundary layer, the velocity of gas
flow drops down to zero when approaching the disturber
surface. This changes the trapping field regularly. On the
other hand, the robustness of the vortex field helps keep
its topological structure that remains as a closed loop even
when the disturber is approaching. This ensures that the
trapping ring also keeps its topological structure.

Numerical simulations affirm that, when the needle
comes close from the outer or inner sides of the trapping
ring, the ring is always pushed away from the disturber but
remains as a closed loop. Figures 4(b)–4(e) plot the numer-
ical simulations of the velocity and the vorticity fields,
where the droplet can still be trapped in the ring under
the influence of the disturber. As shown in Figs. 4(b) and
4(c) and Figs. 4(d) and 4(e), the vortex field lines together
with the trapping ring can always bypass the disturber from
the outer and inner sides of the ring, respectively. Fig-
ures 4(b) and 4(d) show that the trapping point is always
pushed away from the disturber in both situations. From
one perspective, the droplet feels a repulsive force from
the disturber.

(a)

(f) (g)

(b) (c)

(d) (e)

FIG. 4. Self-protected transport in the trapping ring. (a)
Schematic plot of the transport. A needle serving as an external
disturber is placed into the flow field. The microdroplet moves
along the trapping ring and automatically bypasses the needle
when encountering it. (b),(c) Numerical simulation of the veloc-
ity (blue) and vorticity (yellow) fields in the cross sections in the
x-z and x-y planes in (a). The disturber is approaching the trap-
ping ring from the outer side. The size of arrows is proportional
to the field strength. The red dot in (b) [red ring in (c)] indicates
the trapping point (trapping ring). (d),(e) Same as (b),(c), but with
the disturber approaching the trapping ring from the inner side.
(f) Scheme of three experimental processes. Top to bottom: With-
out a needle and with needle coming close from the outer and
inner sides of the trapping ring. (g) Time-series photographs of
transport processes corresponding to (f), with the scale bar being
20 μm (see Supplemental Videos 4 and 5 [30]).

In order to check the proposed mechanism, an external
force Fext is generated by tuning the position of the exter-
nal magnetic field, and a glass needle with diameter 20 μm
is used as a disturber. We can pull the droplet along the
trapping ring with or without a disturber. When there is no
disturber, the droplet can travel along the ring smoothly
(see Supplemental Video 2 [30]). When the disturber is
approaching in all directions, the droplet trapped in the ring
always feels a repulsive force (see Supplemental Video 3
[30]). It is also observed that, no matter where we put the
disturber, the droplet always bypasses the needle, as shown
in Figs. 4(f) and 4(g) (see Supplemental Videos 4 and 5
[30]). For comparison, a suspended droplet without the
presence of gas flow is attracted to the needle (see Supple-
mental Video 6 [30]). Hence, the hydrodynamic tweezers
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protect the droplet from being caught by external objects.
Such a protection mechanism is, on one hand, from the
overall topological property of the vortex field that cannot
be changed by local disturbance and, on the other hand,
from the robust reconstruction of the trapping force field
that automatically pushes the trapping ring away from the
disturber.

C. Transfer

Furthermore, we explore the transfer process of the
droplet between two hydrodynamic tweezers. As described
above, a trapping ring exists as a closed loop that does not
break. So in the presence of the second tweezers, there are
only two topologies: one is two independent trapping rings
and the other is a single loop that is created by merging
two rings. With such topologies, we achieve the transfer of
a droplet from one tweezers to the other, as schematically
shown in Fig. 5(a). This transfer process is confirmed with
the numerical simulation shown in Fig. 5(b). We also per-
form the experiments, and photographs of the four steps
in a typical transfer process are presented in Fig. 5(c) (see
also Supplemental Video 7 [30]). After many tries of the
transfer processes, we find that the process is not sensitive

(a) (b) (c)

FIG. 5. Topological transfer between two tweezers. (a)
Schematic plot of transfer of the droplet from one trapping ring
to the other. Top to bottom: The process begins with two tweez-
ers far away from each other and a droplet being trapped in the
left one. Then, we move the tweezers close to each other, so
that the topological structure of the vortex field is transformed
from two separated loops into a single deformed one. Next, we
conduct the process of transferring the droplet from left to right
using a small external force. Finally, the two nozzles are moved
away from each other and the topological structure of the trap-
ping ring returns to the separated case with the droplet being
trapped in the right tweezers. (b) Numerical simulations of the
velocity (blue) and vorticity (yellow) fields in the cross sections
in the x-y plane in (a). (c) Photograph of the droplet in the trans-
fer process described by (a). Inset is the photograph of nozzle
tips (see Supplemental Video 7 [30]).

to the position of the nozzle, the relative angle of the two
nozzles, or the size of the trapping ring, which is readily
achieved as a character of topology.

V. CONCLUSION

In summary, we explore and realize a noncontact
method to manipulate micro-objects in an easily con-
trollable way. We show that the topological property
of fluid flow can be utilized for practical applications.
The special character of the hydrodynamic tweezers is
that the target object is protected from external distur-
bances, such as avoiding attaching to a surface. With an
adjustable trapping force, the micro-object manipulation
techniques demonstrated here are useful in those scenarios
where strong interactions are involved, such as scanning
microscopy [38] and short-range weak interaction sens-
ing [39,40], as well as a broad range of applications that
involve rotation degrees of freedom [41].
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