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Abstract—A rotating two-tailed soft microrobot induces a fre-
quency dependent flow-field in low Reynolds number fluids. We use
this flow-field to achieve noncontact manipulation of nonmagnetic
microbeads with average diameter of 30 µm in 2-D space. Our
noncontact manipulation strategy capitalizes on exerting a rota-
tional magnetic torque on the magnetic dipole of the microrobot.
The induced flow-field enables microbeads in the surrounding fluid
to orbit the microrobot along a sprocketlike trajectory due to a
periodic and asymmetric flow-field caused by the two tails. A hydro-
dynamic model of the two-tailed microrobot and the orbiting mi-
crobeads is developed based on the method of regularized Stokeslets
for computing Stokes flows. The relations between the angular
velocity of the orbiting microbeads and the rotation frequency
of the microrobot, their proximity (p), and tail length ratio of
the microrobots are studied theoretically and experimentally. Our
simulations and experimental results show that the angular velocity
of the orbiting microbeads decreases nearly as | p |−2 with the
distance to the microrobot and its tail length ratio. We also demon-
strate closed-loop control of the microbeads toward target positions
along sprocketlike trajectories with an average position error of
23.1 ± 9.1 µm (n = 10), and show the ability to swim away
without affecting the positioning accuracy after manipulation.
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I. INTRODUCTION

ONE of the motivations for the development of microrobots
is the continuous demand to sort, manipulate, and assem-

ble micro-objects at microscale with high level of accuracy. Mi-
crorobots can function as microgrippers or micromanipulators
to move micro-objects with or without direct contact [1]–[3]. A
major challenge that hinders this development is the complexity
to achieve successful releases at the desired position. At this
scale, surface and drag forces have a significant influence on
the interactions between the microrobot and the micro-object.
The adhesive forces between a microgripper (or any manipu-
lation tool) and an object result in stickiness, and thus prevent
its release at the desired position. In the case of contact-free
manipulation, the fluidic trapping between the microrobot and
the micro-object also influences the positioning accuracy after
manipulation. Therefore, several microrobot designs [2], [4],
actuation techniques [5], [6], and manipulation strategies [7]–[9]
have been proposed to meet this need and overcome these
challenges.

In contrast to manipulator-based micromanipulation [10]–
[12], untethered microgrippers and microrobots are capable
of navigation in a low Reynolds number (Re) regime and
can be remotely triggered by chemical [13], thermal [14],
[15], and magnetic stimuli [4], [16]. Randhawa et al. [13]
have demonstrated pick and place of tubes and beads using
chemo-mechanically triggered microgrippers, consisting of a
trilayer hinge joint. This microgripper has the ability to be
opened and closed by residual stresses, but its dependence on
chemicals puts limits on the material of micro-objects and is
not suitable under biological conditions. This biocompatibil-
ity limitation has been overcome through biochemically and
thermally triggered microgrippers [14]. Fusco et al. [15] have
demonstrated magnetic-based remote actuation and photother-
mal actuation of light responsive self-folding microrobot. Diller
and Sitti [4] have used uniform magnetic field and field gradient
to achieve programmable 3-D microassembly using untethered
magnetic microgrippers, and demonstrated parallel operation
by multiple microgrippers. Zhang et al. [17] have also demon-
strated autonomous 3-D micrograssping and cargo delivery with
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maximum magnetic field gradient of 0.31 T/m in a workspace
of a 2-cm cube.

An alternative micromanipulation approach is to achieve flu-
idic trapping of micro-objects using microrobots or utilize fluid
boundary layers to produce contact-free motion [1], [2]. Pawashe
et al. [18] have utilized stick-slip motion of a magnetically
actuated microrobot (maximum magnetic field of 3 mT) on
a surface to create local fluid flow and push (front and side
pushing) microspheres without contact within a workspace of
4.6× 3.4 mm2. It has also been shown that microassembly using
noncontact side pushing is more effective than front pushing.
Ye et al. [19] have also presented a noncontact manipulation
method using locally induced rotational fluid flows. These flows
are created by groups of untethered magnetic micromanipulators
that are trapped at prescribed positions near a boundary to
create a virtual fluidic channel using field strength of 5 mT
in a workspace of 30 × 30 × 1 mm3. Tung et al. [20] have
also used the fluidic trapping method for the manipulation of
micro-objects in liquid using a transversely magnetized rolling
robot, at magnetic field of 5 mT. The manipulation is achieved
by the transmitted force to the manipulated objects through
the flow-field of the medium in which the object is immersed.
With these noncontact manipulation strategies, even more so
than with other contact manipulation techniques, we can miti-
gate the contamination of biological samples caused by direct
contact during grasping, and hence noncontact manipulation is
attractive in handling and sorting biological organisms. It is also
important to create fluidic trapping of micro-objects away from
a surface and without magnetic field gradients. Peyer et al. [2]
have shown the capability of artificial bacterial flagella to create
rotational fluid flow and manipulate microbeads. In this case,
the microrobot is moved using rotating magnetic fields to a
prescribed position, tuned to reach stationary position with zero
translational velocity, and create local flow-fields and maintain
its location during manipulation.

In this work, fluidic trapping of micro-objects is combined
with flagellar swimming of a soft microrobot to achieve non-
contact micromanipulation. This combination is important for
nonneutrally buoyant microrobots to achieve noncontact ma-
nipulation without stick-slip motion or rolling on a nearby
surface. In addition, implementing noncontact micromanipula-
tion using soft microrobots maintain their desirable properties
(simple in design and manufacturing, less density, higher level
of biodegradability) compared to rigid microrobots [21]. We use
soft two-tailed microrobots to achieve closed-loop noncontact
manipulation of microbeads in 2-D space. The microrobots
achieve flagellar propulsion using oscillating magnetic fields
and noncontact manipulation of the microbeads using rotating
magnetic fields (see Fig. 1) in milliTesla range without depen-
dence on the magnetic field gradient, thereby extending the
range of the current noncontact manipulation techniques [1],
[3], [17], [19]. We model and characterize the flow-field created
by one- and two-tailed rigid and flexible microrobots based on
the method of regularized Stokeslets [22]. This flow-field allows
microbeads to orbit the rotating microrobot without contact
under the influence of rotating magnetic fields in milliTesla
range. The two tails enable the microrobot to swim back and
forth toward the microbead (and away from the microbead after

Fig. 1. Nonmagnetic microbeads orbit rotating two-tailed microrobot under
the influence of its flow-field. The ith microbead moves at a linear velocity of
vi and pi (i = 1, . . . , 4) is its position vector from the two-tailed microrobot.
e1(t) and e2(t) are orthonormal vectors of the material frame of the two-tailed
microrobot. The sprocketlike trajectory (with amplitude A) of the microbeads
is generated by the asymmetric flow-field of the two tails of the microrobot. The
tails have length of l1 and l2 and their shape is characterized by the deformation
as a function of the arc length s1 and s2. Rotation of the two-tailed microrobot at
angular velocity ωr results in rotation of the ith microbeads at angular velocity
of ωi.

manipulation) and rotate to achieve closed-loop manipulation
without contact.

The remainder of this article is organized as follows. In
Section II, we discuss the physics of the interactions between the
two-tailed microrobot and the immersed objects in the medium,
with descriptions of the control and manipulation problems. Sec-
tion III provides the experimental characterization of the orbiting
microbeads and provides analysis on the relation between the tail
length ratio of the two-tailed microrobot and the angular velocity
of the orbiting microbeads. Section IV presents our closed-loop
control strategy and experimental results. Finally, Section V
concludes this article and provides directions for future work.

II. MODELING OF NONMAGNETIC MICROBEADS ORBITING A
ROTATING TWO-TAILED MICROROBOT

In an inertialess viscous medium, characterized by low-Re,
the resulting flow-field of an externally actuated microrobot
influences the surrounding objects. We consider the dynamics of
a two-tailed microrobot owing to its ability to achieve flagellar
propulsion and create relatively high flow-fields via its rotating
tails. Flow-fields can also be created by a spherical or a prolate
spheroidal magnets. However, these magnets have to be pulled
(or depend on a surface to roll [20] or move using stick-slip
motion [1], [18] using magnetic fields) with a magnetic force
and their workspace is limited by the projection distance of the
field gradient [23]. In addition, flow-fields can be also created
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by a rotating one-tailed microrobot. However, the additional tail
increases the angular velocity of the orbiting microbeads and
enables the microrobot to swim back and forth to enhance the
manipulation accuracy.

A. Governing Dynamics

The soft two-tailed microrobot consists of a prolate spheroidal
head of length 2a and radius b. The head is rigidly attached to two
ultrathin flexible tails of bending stiffness κ, diameter 2rt, and
lengths of l1 and l2. The two-tailed microrobots are fabricated by
electrospinning a solution of polystyrene in dimethylformamide
and magnetic particles. These particles are embedded into the
head and provide an average magnetic moment M. Under the
influence of an external magnetic field B, the dipole moment
of the two-tailed microrobot enables directional control along
the field lines. The following two magnetic field patterns are
applied:

1) uniform fields with sinusoidally varying orthogonal com-
ponents to achieve flagellar swim (with small tail defor-
mation) and travel to (or away from) the manipulation site;

2) rotating magnetic fields to couple the microbeads to a
rotating microrobot (with large tail deformation) and allow
them to orbit without contact (see Fig. 1).

The two-tailed microrobot is allowed to swim in a medium
with viscosity η, characterized by low-Re hydrodynamics
(Re = ρvx(l1 + l2 + 2a)/η) on the order of O(10−5), where ρ
and η are the density and viscosity of the medium, respectively,
and vx is the forward swimming speed of the microrobot. This
medium contains nonmagnetic spherical microbeads with an
average diameter 2Rp. The governing fluid mechanics equations
for the two-tailed microrobot and the orbiting microbeads at
low-Re are given by the following Stokes equation:

η∇2u+ f −∇p = 0 (1)

∇ · u = 0 (2)

where u is the velocity vector field. Further, f and p are the
body force of the two-tailed microrobot acting on the fluid and
the scalar pressure field, respectively. The velocity field, due to
a force at a point, can be approximated based on the method
of regularized Stokeslets. Therefore, we calculate the forces
imparted to the fluid by the two-tailed microrobot using the force
balance between the propulsive forces of the tails and the drag
force on the head. During flagellar propulsion, the head aligns
along the oscillating magnetic fields with precision angle ϕ.
Therefore, the small deformation of the two-tailed microrobot
is approximated by

κ
∂4yi
∂x4

(x, t) + cni

∂yi
∂t

(x, t) = 0 for i = 1, 2 (3)

where yi(x, t) is the deformation of the ith flexible tail, relative
to a fixed frame of reference (e1(t), e2(t)), where e1(t) and
e2(t) are orthonormal vectors such that e1(t) is oriented along
the long axis of the head. Equation (3) describes the behavior of
the two-tailed microrobot under the fluid-air interface and on the
interface for relatively large distance to a nearby surface. On this
interface, the average surface tension force exerted on the mi-
crorobot is zero along the transverse direction of the microrobot

and the microbeads. Therefore, the dynamics of the microrobot is
governed by the balance between the magneto-elastic [first term
in (3)] and drag [second term in (3)] forces. A periodic magnetic
torque (M×B) enables the head to align along magnetic field
lines. Therefore, the contribution of the magnetic torque to (3)
is included by specifying the boundary conditions. At the left
boundary, x = −l1 − a, the tip of the first ultrathin tail is free
from external forces and torques. Therefore, ∂2y1

∂x2 (−l1 − a, t) =

0 and ∂3y1

∂x3 (−l1 − a, t) = 0. At the center, x = ±a, the head
is free to oscillate, and hence yi(±a, t) = ±a sinϕ sinωrt and
∂yi

∂x (±a, t) = tanϕ sinωrt, for i = 1, 2, whereωr is the angular
velocity of the head. At the right boundary, x = l2 + a, again
the tip of the second tail is free from external forces and torques.
Therefore, ∂2y2

∂x2 (l2 + a, t) = 0 and ∂3y2

∂x3 (l2 + a, t) = 0. In (3),
cni is the following normal drag coefficient of the ith tail [24]:

cni = 4πη/

(
ln

(
li
rti

)
+ 0.193

)
. (4)

As a consequence of the symmetric flagellar beat, the resulting
averaged propulsive force of each tail will cancel out and the
microrobot will achieve negligible motion regardless to the
actuation frequency of the periodic magnetic field. A rotating
magnetic field will enable the microrobot to rotate without
swimming, as shown in Fig. 1. In order to achieve flagellar
propulsion, the tail length ratio (r = l1/l2) should be greater
than one. The difference between the tails in length provides
nonzero propulsive force that results in forward propulsion. The
total propulsive force along the propulsion axis (e1(t)) of the
ith tail is given by [25]

Fi =

∫ li

0

(
(cni − cti)vyi

dyi
dx

− ctivxi

)
dx (5)

where vyi and vxi are the lateral and forward velocities of
a segment along the ith tail, respectively. Further, cti is the
tangential drag coefficient of the ith tail and given by [24]

cti = 2πη/

(
ln

(
li
rti

)
− 0.807

)
. (6)

The net propulsive force (F1 − F2) of two identical tails (in
length, diameter, and stiffness) is zero based on (5). Therefore,
microrobots with tail length ratio, 1 < r < 2, are used to achieve
noncontact manipulation of the microbeads owing to their ability
to swim toward the desired object to be manipulated. They can
also reverse their swimming direction to move away from the
manipulated microbead using the second tail. The implication
of having two tails is that the microrobot can swim along
two opposite directions based on the actuation frequency of
the external magnetic fields [26]. The swimming speed of the
microrobot is calculated based on the following force balance
between the tails and head:

2∑

i=1

Fi = 6πη(ab2)1/3vx. (7)
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Fig. 2. Two-tailed microrobot induces a flow-field during rotation under the influence of a rotating magnetic field. The flow-field is calculated using (9) and (11)
for 2a = 50 µm, b = 20 µm, 2rt = 5 µm, and η = 0.95 Pa.s. (a)–(e) Flow-fields of two-tailed rigid microrobots are calculated for tail length ratios of 1, 1.25,
1.5, 1.75, and 2. (f)–(j) Flow-fields of two-tailed flexible microrobots (modulus of elasticity of 0.54 GPa) are calculated for tail length ratios of 1, 1.25, 1.5, 1.75,
and 2. The flow-field created by the rigid microrobots is slightly higher than the flow-field of the soft microrobot regardless to the tail length ratio.

The drag torques exerted on the head and the tails of the micro-
robot are also balanced with the magnetic torque as follows:

η

(
!rωr +

2∑

i=1

!iωi

)
= −M×B(p) (8)

where !r and !i are the shape factors for the head and the ith
tail which depend only on the geometry, respectively. Further,
ωr is the angular velocity of the head with respect to a fixed
frame of reference (see Fig. 1), and ωi is the relative angular
velocity of the ith tail with respect to the head.

Equation (3) is only valid for small deformation y(x, t). These
deformations are observed only during flagellar propulsion using
oscillating magnetic fields. However, rotating magnetic fields
result in relatively large tail deformations, and hence the tan-
gent angle, φ(s, t) = dy(x, t)/dx, is used to characterize the
deformation locally as a function of the arc length s instead of
y(x, t). Therefore, the governing equation is given by [27]

κ
∂4φi

∂s4
(si, t) + cni

∂φi

∂t
(si, t) = 0 for i = 1, 2 (9)

where 0 ≤ si ≤ li, is the arc length of the ith tail. The deforma-
tion of the ith tail is calculated using
(
xfi(si, t)

yfi(si, t)

)
=

(
xfi(0, t) +

∫ si
0 cosφ(si, t)ds

yfi(0, t) +
∫ si
0 sinφ(si, t)ds

)
for i = 1, 2

(10)
where xfi(si, t) and yfi(si, t) are the coordinates of the ith
tail, and xfi(0, t) and yfi(0, t) are the position of the point
of attachment between the head and the ith tail. Similarly to
flagellar propulsion, the contribution of the magnetic torque to
(9) is induced by specifying the boundary conditions. At the
head boundary, φi(0, t) = α(t) = 2πfrt and ∂φi(0, t)/∂s = 0,
where fr is the rotation frequency of the microrobot. At the
left and right boundaries, the tip of the tails are free from
external forces (∂2φ1(l1, t)/∂s2 = 0 and ∂2φ2(l2, t)/∂s2 = 0)

and torques (∂3φ1(l1, t)/∂s3 = 0 and ∂3φ2(l2, t)/∂s3 = 0).
The governing equations are solved numerically to study the
noncontact manipulation of the microbeads.

B. Numerical Scheme of the Hydrodynamic Model

The flow-field is determined based on the method of reg-
ularized Stokeslets to provide a solution of the linear Stokes
equations (1) and (2). The surface of the two-tailed microrobot
and the surrounding microbeads are covered with Ns stokeslets
boundary points. The velocity field, due to force fk at points xk,
is given by [22]

u(x) =
Ns∑

k=1

−fk
2πη

[
ln (ξ + ε)− ε (ξ + 2ε)

(ξ + ε) ξ

]

+
1

4πη
[fk · (x−xk)](x−xk)

[
ξ+2ε

(ξ+ ε)2 (r2k + ε2)1/2

]
,

(11)

where ξ =
√
r2k + ε2, and rk = |x− xk|. ε is a parameter that

describes the sharpness of a delta-function and is calculated
by, ε = 0.25ds % 0.25∆s, and ∆s = 2rt. This delta function
approximates the forces exerted by the beating tail on the fluid.
The deformation of the tail and the drag forces are determined
using finite-difference discretization of (3) and (9) for flagellar
propulsion and rotation, respectively. The tail of the soft two-
tailed microrobot is discretized into N % 100, equally spaced
mesh nodes. The partial differential equations (3) and (9) are
solved numerically, and the time-dependent trajectory of the soft
microrobotic sperm is calculated by forward Euler integration
over consecutive time-steps of ∆t % 1× 10−3 seconds. The
following steps are implemented to predict the behavior of the
two-tailed microrobot and the orbiting microbeads.

1) The time-dependent deformation of the tails is calculated
based on (3) and (9) for flagellar propulsion and rotation,
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Fig. 3. Trajectories and averaged angular velocities of the orbiting microbeads are simulated for one- and two-tailed soft microrobots. The microbeads follow
sprocketlike trajectories, and the black curves indicate the trajectories associated with the first complete cycle of the microrobot. The arrows indicate the flow-field at
single time instant. The trajectories, flow-fields, and angular velocity are calculated using (9) and (11) for 2a = 50µm, b = 20µm, 2rt = 5µm, and η = 0.95Pa.s.
(a) Four microbeads at distances of 1100 , 1400, 1700, and 2100 µm to one-tailed microrobot are influenced by its flow field. (b) Four microbeads at distances
of 1100, 1400, 1700, and 2100 µm to two-tailed microrobot are influenced by its flow field. (c) Angular velocities (ω) of four microbeads and the amplitude (A)
of the sprocketlike trajectories are calculated versus the distance to the microrobot and indicate that the additional tail increases angular velocity of the orbiting
microbeads. The angular velocity of microbeads orbiting a two-tailed microrobot is twice the velocity of microbeads orbiting single-tailed microrobot.

respectively, and for oscillating and rotating magnetic field
inputs.

2) The velocities of approximately 100 points along the two-
tailed microrobot are numerically calculated.

3) Forces at the Stokeslets boundary points are determined
using inverse of (11) based on the calculated velocities
along the microrobot.

4) Translational velocity of the two-tailed microrobot is cal-
culated such that the sum of all forces at the Stokeslets
points of the microrobot is zero.

5) Velocities of the microbeads are determined using (11) for
the previously calculated forces.

Fig. 2 shows the flow-field created by rotating two-tailed
microrobots with tail length ratio, 1 ≤ r ≤ 2. In the case of rigid
tails [see Fig. 2(a)–(e)], relatively high flow-fields are observed
at the right and left boundaries of the tails for r = 1. As the tail
length ratio increases, the flow-field created by the longer tail
becomes dominant. These microrobots provide flow-fields that
are capable of rotating the microbeads. However, they cannot
swim owing to their rigidity [29]. In the case of flexible tails [see
Fig. 2(f)–(j)], we observe a slight decrease in the velocity of the
fluid with respect to the center of the rotating two-tailed micro-
robot compared to the rigid microrobots. Similarly, symmetric
and asymmetric flow-fields are created by the rotating micro-
robots for r = 1 and1.25 ≤ r ≤ 2, respectively. The implication
of having two-tails with unequal length is that the head achieves
periodic roto-translations due to the asymmetric flow-field of
the tails. In the case of r = 1, the microrobot achieves pure
rotations for rigid and flexible tails, as shown in Fig. 2(a) and
(f), respectively.

One-tailed microrobots are also capable of allowing mi-
crobeads to orbit and they can also swim along one direction
with a beating flexible tail. However, the additional tail increases
the angular velocity of the orbiting microbeads. Fig. 3 provides
a comparison between the response of one- and two-tailed
microrobots at frequency of 1 Hz. Positions of four microbeads

are calculated at distances of 1100, 1400, 1700, and 2100 µm to
one- and two-tailed microrobots, as shown in Fig. 3(a) and (b).
For | p1 |= 1100µm, the angular velocities of the microbead are
0.35 s−1 and 0.67 s−1 for the one- and two-tailed microrobots,
respectively. The angular velocity and the amplitude (A) of
the sprocketlike trajectories of the microbeads decrease as the
distance to the microrobots increases, as shown in Fig. 3(c). For
| p4 |= 2100 µm, the one- and two-tailed microrobots allow
the fourth microbead to orbit at angular velocities of 0.05 s−1

and 0.15 s−1, respectively. Therefore, this simulation result in-
dicates that the additional tail increases the angular velocity of
the orbiting microbeads by at least a factor of 2. In addition,
the additional tail decreases the peak-to-peak amplitude of the
sprocketlike trajectory taken by the orbiting microbeads. In the
case of one-tailed microrobot [see Fig. 3(a)], a microbead at
distance of 1100 µm orbits with a peak-to-peak amplitude of
350 µm, whereas in the case of two-tailed microrobot [see
Fig. 3(b)] the peak-to-peak amplitude decreases to 100 µm.

In a second series of simulations, we analyze the path taken
by the orbiting microbeads for rotating rigid two-tailed micro-
robots with tail length ratio, 1 ≤ r ≤ 2, as shown in Fig. 4. The
microrobot is allowed to rotate at frequency of 1 Hz, and the
path taken by the microbead is calculated using (11) versus the
distance to the microrobot pi. For r = 1, the microbeads follow
sprocketlike trajectories and the angular velocity and amplitude
(A) of the ith microbead decrease with the increasing distance
to the microrobot, as shown in Fig. 4(f) and (g), respectively. A
similar response is observed for the case of flexible two-tailed
microrobots with the same range of tail length ratio (see Fig. 5).
Even though rigid microrobots achieves relatively higher angu-
lar velocities compared to flexible microrobots, manipulation of
the microbead is achieved using the flexible microrobot owing
to their ability to swim. Flexible microrobots with tail length
ratio r = 1 and r & 2 are not also used to achieve noncontact
manipulation. In the case of r = 1, the flexible tails produce
negligible net translation as their propulsive forces cancel out.
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Fig. 4. Trajectories and averaged angular velocities of microbeads are simulated for two-tailed rigid microrobots with tail length ratio of 1 ≤ r ≤ 2. The
microbeads follow a sprocketlike trajectories, and the black curves indicate the trajectories associated with the first complete cycle of the microrobot. The arrows
indicate the flow-field at single time instant. The microrobot rotates at frequency of 1 Hz and the ith microbead orbits at angular velocity ωi at distance pi to the
center of rotation. The trajectories, flow-fields, and angular velocity are calculated using (9) and (11) for 2a = 50µm, b = 20µm, 2rt = 5µm, and η = 0.95 Pa.s.
(a) For r = 1, ω1 = 0.67 s−1 at | p1 |= 1100 µm. (b) For r = 1.25, ω1 = 0.61 s−1 at | p1 |= 1100 µm. (c) For r = 1.5, ω1 = 0.57 s−1 at | p1 |= 1100 µm.
(d) For r = 1.75, ω1 = 0.54 s−1 at | p1 |= 1100 µm. (e) For r = 2, ω1 = 0.51 s−1 at | p1 |= 1100 µm. (f) Angular velocity decreases with the distance to
the rotating microrobot and its tail length ratio. (g) Amplitude (A) of the sprocketlike trajectories decreases with the distance to the microrobot (p) and increases
with the tail length ratio (r).

Fig. 5. Trajectories and averaged angular velocities of microbeads are simulated for soft two-tailed microrobots with tail length ratio of 1 ≤ r ≤ 2. The microbeads
follow a sprocketlike trajectories, and the black curves indicate the trajectories associated with the first complete cycle of the microrobot. The arrows indicate
the flow-field at single time instant. The microrobot rotates at frequency of 1 Hz and the ith microbead orbits at angular velocity ωi at distance pi to the center
of rotation. The trajectories, flow-fields, and angular velocity are calculated using (9) and (11) for 2a = 50 µm, b = 20 µm, 2rt = 5 µm, and η = 0.95 Pa.s.
(a) For r = 1, ω1 = 0.58 s−1 at | p1 |= 1100 µm. (b) For r = 1.25, ω1 = 0.56 s−1 at | p1 |= 1100 µm. (c) For r = 1.5, ω1 = 0.52 s−1 at | p1 |= 1100 µm.
(d) For r = 1.75, ω1 = 0.49 s−1 at | p1 |= 1100 µm. (e) For r = 2, ω1 = 0.47 s−1 at | p1 |= 1100 µm. (f) Angular velocity decreases with the distance to
the rotating microrobot and its tail length ratio. (g) Amplitude (A) of the sprocketlike trajectories decreases with the distance to the microrobot (p) and increases
with the tail length ratio (r).

Authorized licensed use limited to: Sarthak Misra. Downloaded on June 12,2020 at 05:04:56 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

KHALIL et al.: CONTROLLED NONCONTACT MANIPULATION OF NONMAGNETIC UNTETHERED MICROBEADS 7

Fig. 6. Angular velocity of microbeads orbiting one- and two-tailed microrobots is characterized under the influence of a rotating magnetic field. The angular
velocity of a microbead (ωi) is measured at distance | pi | to the center of rotation of a rotating microrobot. The average angular velocities, maximum, and minimum
standard deviation (s.d.) are measured for 3 different microrobotic samples for each case (one- and two-tailed microrobots). The angular velocity (solid lines) is
calculated using (9) and (11) for 2a = 50 µm, b = 20 µm, 2rt = 5 µm, and η = 0.95 Pa.s. (a) Angular velocity of microbeads orbiting one-tailed microrobot
(0.023 ≤ s.d. ≤ 0.66 s−1). (b) Average ωi for r % 1.0 (0.02 ≤ s.d. ≤ 0.19 s−1). (c) Average ωi for r % 1.25 (0.046 ≤ s.d. ≤ 0.93 s−1). (d) Average ωi for
r % 1.5 (0.03 ≤ s.d. ≤ 0.93 s−1). (e) Average ωi for r % 1.75 (0.02 ≤ s.d. ≤ 0.68 s−1). (f) Average ωi for r % 2.0 (0.03 ≤ s.d. ≤ 0.84 s−1). Please refer to
the accompanying video.

In the second case of r & 2, the longer tail provides greater
propulsive force than the short tail regardless to the actuation
frequency, and does not enable the microrobot to swim back
and forth to enhance the ability of the microrobot to swim away
from the manipulation site.

III. CHARACTERIZATION OF THE NONCONTACT MANIPULATION

Microbeads are allowed to orbit externally-actuated two-
tailed microrobots and their response is characterized using an
orthogonal configuration of electromagnetic coils.

A. System Description

Two-tailed microrobots are fabricated with tail length ratios
of approximately 1.25, 1.5, 1.75, and 2 by electrospinning [28].
This fabrication technique provides continuous beaded-fibers of
polystyrene with iron particles embedded into the beads. The
modulus of elasticity of the microrobotic samples is measured
using depth sensing indentation as 0.54± 0.054 GPa [26]. The
average minor and major diameter of the head are 38± 12 µm
and 101± 31 µm, respectively, and the average tail diameter is
10± 4 µm. The microrobots are contained inside a cubic cham-
ber with edge length of 40 mm. Polystyrene microbeads (PLA-
M, plain, 12-00-304, Micromod Partikeltechnologie GmbH,
Rostock-Warnemuende, Germany) with average diameter of
30 µm are added to glycerin with viscosity of 0.95 Pa.s. All
experiments are conducted on the fluid-air interface to enable the
microrobot and microparticles to lie on the same plane within a
workspace of less than 1× 1 mm2, whereas the surface area of

the chamber is 4× 4 cm2. Therefore, the microrobots and the
microbeads are not influenced by wall effects. This chamber is
surrounded by four orthogonal electromagnetic coils. Each elec-
tromagnetic coil has an inner-, outer-diameter, and length of 20,
40, and 80 mm, respectively. The wire thickness is 0.7 mm and
each coil has 3200 turns, and generates maximum magnetic field
of 70 mT in the common center of the electromagnetic configura-
tion. The positions of the two-tailed microrobot and the orbiting
microbeads are observed using a microscopic unit (MF Series
176 Measuring Microscopes, Mitutoyo, Kawasaki, Japan), and
videos are acquired using a camera (avA1000-120kc, Basler
Area Scan Camera, Basler AG, Ahrensburg, Germany) and a
10× Mitutoyo phase objective.

B. Characterization of the Orbiting Microbeads

The microbeads are allowed to orbit one- and two-tailed
microrobots under the influence rotating magnetic field at fre-
quencies of 0.5 and 1 Hz. The distances between the micro-
robot and the microbeads are allowed to vary between trials.
The angular velocities of the microrobot and microbeads are
measured versus their distance. Fig. 6(a) shows the measured
angular velocities of orbiting microbeads actuated via a rotating
one-tailed microrobot. The angular velocities decays nearly as
∼| pi |−2 away from the center of rotation of the microrobot.
The influence of the rotation frequency also decays as the dis-
tance of the microbead to the microrobot increases. In the case
of one-tailed microrobot, the microbeads rotate at an average
angular velocity of 0.03 and 0.08 s−1 under the influence of

Authorized licensed use limited to: Sarthak Misra. Downloaded on June 12,2020 at 05:04:56 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

8 IEEE TRANSACTIONS ON ROBOTICS

Fig. 7. Combination of oscillating and rotating magnetic fields is applied to achieve noncontact manipulation of the microbeads. (a) Positions of the microrobot
(xm, ym) and the microbeads (xp, yp) are detected using a feature tracking algorithm. A vector from the initial position of the microbead to the target position
(xr, yr) is calculated and a midpoint (xmid, ymid) along segment RB is determined. The microrobot is controlled to swim toward a point along a vector
perpendicular to RB and intersects with the midpoint. (b) Control is achieved using three inputs. The first input aligns the microrobot (e1(t)) toward the reference
position. The second control input provides uniform field with a sinusoidally varying orthogonal component to achieve flagellar propulsion. The third input provides
rotating magnetic fields to rotate the microrobot and enable the microbead to orbit toward the reference trajectory.

rotating microrobot at frequencies of 0.5 and 1 Hz, respectively,
at distance of approximately 600 µm from the center of ro-
tation of the microrobot [see Fig. 6(a)]. The angular velocity
of the orbiting microbeads decreases as their distance to the
rotating microrobot increases. For | pi |≈ 800 µm, the average
angular velocities of the microbeads are measured as 0.016 and
0.031 s−1 for fr = 0.5 Hz and fr = 1 Hz, respectively.

Fig. 6(b)–(f) show the measured angular velocities of mi-
crobeads orbiting two-tailed microrobots with tail length ratio
1 ≤ r ≤ 2. For r = 1 and at | pi |≈ 600 µm, the angular ve-
locities of the microbeads are measured as 0.05 and 0.095 s−1

for fr = 0.5 Hz and fr = 1 Hz, respectively [see Fig. 6(b)].
This measurement indicates that the additional tail increases
the angular velocity of the microbeads by factors of 1.6 and
1.2 for actuation frequencies of 0.5 and 1 Hz, respectively. At
| pi |≈ 800 µm, the angular velocity decreases to 0.024 s−1 and
0.043 s−1 for fr = 0.5 Hz and fr = 1 Hz, respectively. At this
distance the angular velocity of microbeads orbiting two-tailed
microrobots is greater than that of a microbead orbiting a single-
tailed microrobot by a factor of 1.5 for fr = 0.5 Hz, while an
increase by a factor of 1.4 is observed at fr = 1 Hz. Although
the additional tail increases the angular velocity of the orbiting
microbeads, microrobots with r = 1 are not used to achieve non-
contact manipulation owing to their inability to swim regardless
to the actuation frequency of the external magnetic field.

Fig. 6(c) shows the angular velocities of microbeads orbiting
microrobots with r = 1.25. Microrobots with this tail length
ratio achieves negligible forward swim at fr = 2.8± 0.9 Hz,
and undergo flagellar swim using its long and short tail below
and above this reversal frequency [31]. At | pi |≈ 600 µm, the
angular velocities of the microbeads are measured as 0.15 s−1

and 0.45 s−1 for fr = 0.5 Hz and fr = 1 Hz, respectively. As
the distance to the rotating microrobot increases to 800 µm,
the angular velocities decreases by factors of 1.8 and 2.3 for
fr = 0.5 Hz and fr = 1 Hz, respectively. Fig. 6(d) shows the
response of the microbeads to the rotation of two-tailed mi-
crorobot with r = 1.5. Similarly to microrobot with r = 1.25,
microrobots with this ratio can achieve flagellar swim using the

long and short tails below and above actuation frequency of
5.4± 0.7Hz. At | pi |≈ 600µm, the angular velocities are mea-
sured as 0.04 s−1 and 0.095 s−1 for fr = 0.5 Hz and fr = 1 Hz,
respectively. The angular velocities decrease to 0.024 s−1 and
0.043 s−1 at | pi |≈ 800µm and for fr = 0.5Hz and fr = 1Hz,
respectively. Finally, microrobots with r = 1.75 can also achieve
flagellar swimming below and above actuation frequency of
10.4± 0.5 Hz and are used in micromanipulation owing to its
ability to swim back and forth. Fig. 6(e) shows the response
of microbeads actuated without contact using microrobots with
this tail length ratio. At | pi |≈ 600 µm, the angular velocities
of the orbiting microbeads are measured as 0.08 and 0.13 s−1

for fr = 0.5 Hz and fr = 1 Hz, respectively. Again, the angular
velocity decreases to 0.031 s−1 and 0.052 s−1 at | pi |≈ 800µm
for fr = 0.5 Hz and fr = 1 Hz, respectively.

Similarly to one-tailed microrobots, two-tailed microrobots
with tail length ratio of 2 swim along one direction regardless
to the actuation frequency. The response of the microbeads
to the rotation of two-tailed microrobot with r = 2 is shown
in Fig. 6(f). At | pi |≈ 600 µm, the angular velocities of the
orbiting microbeads are measured as 0.15 s−1 and 0.35 s−1 for
fr = 0.5 Hz and fr = 1 Hz, respectively. Again, the angular
velocity decreases to 0.05 and 0.07 s−1 at | pi |≈ 800 µm and
for fr = 0.5 Hz and fr = 1 Hz, respectively. Our characteriza-
tion results show qualitative and quantitative agreement between
the experimental results and the theoretical prediction of the
model. The deviations between the experimental results and
simulations [evident in Fig. 6(b)] are attributed to errors in some
of the parameters that enter the model such as the magnetization,
dimensions, and bending stiffness of the two-tailed microrobots.
The deviations between experiments and numerical model in
the initial deformation of the tail decreases the accuracy of the
calculated time-dependent sprocketlike trajectory and allows us
to only achieve qualitative agreement between the actual path
taken by the orbiting microbeads and theoritical predictions,
as shown in Figs. 1, and 3–5. Nevertheless, the effect of these
deviations on the positioning accuracy of the microbeads can be
mitigated using feedback control.
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Fig. 8. Noncontact manipulation of microbeads is achieved using two-tailed microrobots. (a) Two-tailed microrobot (tail length ratio of 1.3) translates the
microbead to the reference position with error of 45 and 15 µm along x- and y-axis, respectively. (b) Microrobot (tail length ratio of 1.3) translates the microbead
with position error of 26.2 and 48.7 µm along x- and y-axis, respectively. (c) Microrobot (tail length ratio of 2.2) translates the microbead with position error of
15 and 11.2 µm along x- and y-axis, respectively. The red and black lines represent the trajectories of the microrobot and the microbead, respectively, and the red
square indicates the reference position. Please refer to the accompanying video.

IV. CLOSED-LOOP CONTROL OF NONMAGNETIC MICROBEADS

Our closed-loop control strategy is based on switching be-
tween flagellar propulsion and rotation. The former is necessary
to swim toward or away from the microbead and the manipu-
lation site, while the latter is required to enable the microbead
to orbit the microrobot toward the reference position. The fol-
lowing steps are achieved to manipulate the microbead without
contact. First, the microrobot swims toward a point between the
microbead and the reference position. Second, rotating magnetic
fields are applied to achieve non-contact manipulation. Third,
the microrobot swims away from the microbead using flagellar
propulsion. We determine the of the position of the microbead
(xp, yp) and its desired position (xr, yr). A perpendicular posi-
tion vector L is calculated from the midpoint (xmid, ymid) of the
line segment RB [see Fig. 7(a)]. The magnitude of this position
vector defines a reference position (xt, yt) to the two-tailed
microrobot [see Fig. 7(a)]. The magnitude of the position vector
L can be used to control the angular velocity of the orbiting
microbead based on our characterization results (see Fig. 6). It
can also be used to decrease the amplitude of the sprocketlike
trajectories taken by the microbeads, as shown in Figs. 4(g) and
5(g). Directional control of the microrobot toward (xt, yt) is
achieved using the following magnetic field [30]:

B(p) = Ã(p)I (12)

where Ã(p) and I are the magnetic field-current map and the
input current vector to the electromagnetic coils, respectively.
We set the magnetic field in (12) to a proportional control
input based on the orientation error (e) between e1(t) and the
desired reference position,B(p) ⇒ kpe, wherekp is a diagonal
positive-definite gain matrix and e is a position error vector. The
inverse of map (12) is used to provide the current input that
aligns e1(t) toward the desired position, as shown in Fig. 7(b).
Directional control of the microrobot toward point (xt, yt) is
followed by oscillation of the magnetic field lines with an angle
ϕ to achieve flagellar swimming. To switch between flagellar
swimming to rotation, a threshold εr is set and compared to

TABLE I
PSEUDOCODE OF THE NONCONTACT CLOSED-LOOP CONTROL

OF THE MICROBEADS

the following position error (er) between point (xt, yt) and the
position of the microrobot (xm, ym):

er = [xm ym]
T − [xt yt]

T. (13)

Rotational magnetic fields are applied when | er |≤ εr. In this
case, the microrobot follows the rotating field lines and the
microbead orbits the microrobot toward the reference position.
Another threshold (εp) is compared to the error between the
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Fig. 9. Closed-loop control of a microbead via non-contact manipulation is achieved using a two-tailed microrobot with tail length ratio of 1.9. The large and
small red squares indicate the microbead and the desired reference position, respectively. The red line represent the distance between the microbead and the target,
and the green line indicate the distance between the center of rotation of the microrobot the midpoint along the segment between target and the microbead. (a) For
t ≤ 8 s, the microrobot is controlled to swim toward a point the center of rotation under the influence of oscillating magnetic field at f = 2 Hz. At time t % 10 s,
the microrobot rotates at frequency of 1 Hz and the microbead orbits at an angular velocity of 0.1 s−1. The microbeads is positioned at the reference position at
t = 26 s. At t > 26 s, the microrobot switches back to flagellar propulsion and swims away at fr = 8 Hz. (b) Trajectories of the microbead and the microrobots
indicate that the microbead is positioned at the reference position with error of 9 and 7.5 µm along x- and y-axis, respectively. Please refer to the accompanying
video.

position of the microbead and its target and given by

ep = [xp yp]
T − [xr yr]

T. (14)

Again, we switch between rotating magnetic fields to oscillating
magnetic fields when | ep |≤ εp to move away from the manip-
ulation site of the microbead. A pseudocode of the closed-loop
control implementation is provided in Table I.

Fig. 8(a) shows a representative control of a microbead toward
a reference position (small red square). First, the microrobot
(with r = 1.3) swims and positions itself between the initial and
desired positions of the microbead (L = 0 µm). The microrobot
swims at an average swimming speed of 18.1 µm/s under the
influence of oscillating magnetic fields at frequency of 5 Hz.
Second, the microrobot starts to rotate to enable the microbead
to orbit its center of rotation and approach the desired position
(small red square). In this trial, the microbead orbits at an angular
velocity of 0.14 s−1 and is positioned at the reference with posi-
tion errors along x- and y-axis of 45 and 15µm, respectively. This
noncontact manipulation is achieved in 67.3 s. Fig. 8(b) shows
another representative trial with a microrobot with r = 1.3. The
position errors are measured as 26.2 and 48.7 µm along x- and
y-axis, respectively. This noncontact manipulation is achieved in
68.8 s. A microrobot with r = 2.2 achieves noncontact manip-
ulation of a microbead with position errors of 15 and 11.2 µm
along x- and y-axis, respectively, as shown in Fig. 8(c). These
closed-loop control trials (for L = 0 µm) are repeated and the

average position error is 52.5± 23.4 µm (n = 10). The roto-
translational behavior of the two-tailed microrobots is attributed
to the asymmetric flow-fields created by the different two tails
in length. This asymmetric flow-field is even more evident in
Fig. 8(c) owing to the relatively large tail length ratio (r = 2.2)
compared to tail length ratio of 1.3 [see Fig. 8(a) and (b)]. The
positioning accuracy of the microbead is also limited due to
the relatively large amplitude of the sprocketlike trajectory of
the microbead. Our simulation and experimental results (see
Figs. 3–5) suggest that increasing the distance between the
orbiting microbeads and the rotating microrobot decreases the
amplitude of the sprocketlike trajectory and the angular velocity
of the microbeads with respect to the microrobot.

We set the distance between the center of rotation of the
microrobot and the midpoint of the line segment RB to half
body-length (L = (l1 + l2 + 2a)/2). Our simulation results
suggest that increasing L decreases the amplitude of the sprock-
etlike trajectories taken by the orbiting microbeads (see Fig. 5).
Fig. 9(a) shows a two-tailed microrobot with tail length ratio of
1.9. Uniform magnetic fields are generated and oriented toward
the center of rotation (xt, yt) of the microrobot using (12). These
fields are oscillated with an angle ϕ = ±45◦ at frequency of
2 Hz. The microrobot swims toward point (xt, yt) at an average
speed of 41.7 µm/s. At t % 8.6 s, the condition | er |≤ εr
is satisfied and the rotating magnetic fields are generated at
frequency of 1 Hz. We observe that the microbead starts to orbit
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Fig. 10. Closed-loop control of a microbead via non-contact manipulation is achieved using a two-tailed microrobot with tail length ratio of 1.9. The large and
small red squares indicate the microbead and the desired reference position, respectively. The red line represent the distance between the microbead and the target,
and the green line indicate the distance between the center of rotation of the microrobot the midpoint along the segment between target and the microbead. (a) For
t ≤ 7 s, the microrobot is controlled to swim toward a point the center of rotation under the influence of oscillating magnetic field at f = 2 Hz. At t % 8 s, the
microrobot rotates at frequency of 1 Hz and the microbead orbits at an angular velocity of 0.1 s−1. The microbeads is positioned at the reference position at t = 30 s.
At t > 30 s, the microrobot switches back to flagellar propulsion and swims away at fr = 8 Hz. (b) Trajectories of the microbead and the microrobots indicate that
the microbead is positioned at the reference position with error of 18.75 and 11.25 µm along x- and y-axis, respectively. Please refer to the accompanying video.

the rotating microrobot and follow a sprocketlike trajectory [see
Fig. 9(b)] toward the reference position at an angular velocity
of 0.12 s−1. The control system switches back from rotating to
oscillating magnetic fields when | ep |≤ εp, at t % 27 seconds.
The microrobot is controlled to swim away from the microbead
at frequency of 8 Hz and its speed is measured as 23.8 µm/s. In
this trial, the microbead is positioned at the reference position
with error of 9 and 7.5 µm along x- and y-axis, respectively.

Fig. 10(a) shows another representative closed-loop control
trial of a microbead using a two-tailed microrobot with tail
length ratio of 1.9. The microrobot is controlled to swim toward
the center of rotation, rotate, and swim away at frequencies of
8, 1(rotation frequency), and 2 Hz, respectively. We observe
that the flow-field created during flagellar propulsion decreases
with the beating frequency. Therefore, relatively low actuation
frequencies are used to swim toward the center of rotation,
while relatively high frequencies are used to swim away to
decrease the influence of the flow-field on the microbead after
the manipulation. In this trial, the microrobot is controlled to
swim toward the center of rotation at an average speed of
63.5 µm/s under the influence of oscillating magnetic fields of
2 Hz. At t % 8 seconds, rotating fields are applied at frequency

of 1 Hz and the microbead orbits at an angular velocity of
0.1 s−1. At t % 32 s, oscillating magnetic fields are applied at
frequency of 8 Hz and the microrobot swims away at average
speed of 40.8 µm/s [see Fig. 10(b)]. The errors along x- and
y-axis are measured as 18.75 and 11.25 µm, respectively. In this
case (L = (l1 + l2 + 2a)/2)), the maximum position error is
21.8 µm. Please refer to the accompanying video.

Table II provides the closed-loop control characteristics for
the cases of L = 0 and L = 0.5 body-length. The position error
between the microbead and the reference position decreases with
the distance (L) between the midpoint along the segment RB
and the center of rotation of the two-tailed microrobot, while
the angular velocity of the orbiting microbeads increases as its
distance to the center of the microrobot is decreased. Therefore,
there exist a tradeoff between the positioning accuracy of the
microbeads and the manipulation time (angular velocity of the
microbead). This tradeoff is controlled by the distance between
the center of rotation and the midpoint of the segment between
the target position and the initial position of the microbead.
It is also possible to understand the influence of the distance
(L) using the theoretical predictions of the numerical model.
Figs. 4(g) and 5(g) show that as L increases the amplitude of the
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TABLE II
CLOSED-LOOP CONTROL CHARACTERISTICS OF THE MICROBEADS ARE CALCULATED FOR L = 0 AND L = 0.5 BODY-LENGTH (BL)

The average position errors along x- and y-axis (ex and ey), average error (e), and angular velocities (ω) are measured from ten trials.

sprocketlike trajectory decreases, leading to lower positioning
error and angular velocity of the orbiting microbeads. The sim-
ulation results also show that the amplitude of the sprocketlike
trajectory increases with the tail length ratio [see Figs. 4(g) and
5(g)]. Therefore, the positioning error can be decreased by using
lower tail length ratio within the range of 1 < r < 2.

V. CONCLUSION

Noncontact closed-loop control of nonmagnetic microbeads
with average diameter of 30 µm was achieved in 2-D space.
This manipulation was controlled by the transmitted forces to
the microbeads through flow-fields of rotating two-tailed soft
microrobots under the influence of rotating magnetic fields.
Our simulations and experimental results showed the ability to
couple the microbeads to the rotating microrobot and allowed
them to orbit along sprocketlike trajectories. The geometry
of these trajectories depended on the tail length ratio of the
microrobot, frequency of rotation, and the distance between the
orbiting microbead and the microrobot. The angular velocity of
the orbiting microbeads was characterized for rigid and flexible
one- and two-tailed microrobots, and showed a decrease nearly
as | p |−2 with the distance to the center of rotation and with the
tail length ratio. This characterization was used as a basis for a
closed-loop control system that combined flagellar propulsion
and rotations to achieve noncontact manipulation of the mi-
crobeads. Our closed-loop control system achieved an average
position error of 23.1± 9.1 µm (n = 10), and we demonstrated
the ability of the microrobot to swim away from the vicinity
of the positioned microbead without affecting the manipulation
accuracy.

As part of future studies, the noncontact manipulation will
be achieved using multiple two-tailed microrobots and our con-
trol strategy will be modified to control multiple microbeads
based on the concept of virtual fluidic channel presented by
Ye et al. [19]. The simultaneous noncontact manipulation using
more than one microrobot will enable us to achieve noncontact
microassembly in relatively sophisticated scenarios. We will
also use the two-tailed microrobots to develop a reconfigurable
microfluidic pump due to its ability to swim and create local
flow-fields. The closed-loop control system will be implemented
to achieve noncontact micromanipulation in 3-D space. The
rotational flow-field created by the two-tailed microrobot can
achieve fluidic trapping of microbeads located at different ver-
tical distances. Therefore, our electromagnetic system has to
be modified to localize the microrobot and the microbeads in
3-D space and our numerical model will be extended to predict
the 3-D flow-fields in the workspace. In addition, our system

will be modified to manipulate and sort biological samples and
cells. The noncontact manipulation strategy presented in this
work decreased the risk of contamination that is likely to be
encountered in this application.
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