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We present a non-contact manipulation method for micron scale objects using locally induced
rotational fluid flows created by groups of untethered magnetic micro-manipulators. The magnetic
micro-manipulators are rotated in a viscous fluid by an externally generated magnetic field to
create rotational flows, which act to move micro-objects in the flow region. One single spherical
micro-manipulator is used to manipulate one object at a time, while an array of micro-manipulators
spin in synchrony on a surface patterned with magnetic micro-docks to create reconfigurable
fluidic channels for simultaneous transportation of multiple objects. The induced rotational flow
field and the resulting hydrodynamic forces on the micro-objects are studied using both finite
element solutions and analytical models from previous studies. These results are compared with
experiment to determine manipulation characteristics for the complex flows. Due to its untethered
and non-contact operation, this micro-manipulation method could be used to quickly move
fragile or non-fragile micro-objects in inaccessible or enclosed spaces such as in lab-on-a-chip

devices. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4754521]

. INTRODUCTION

The ability to handle objects at the micron scale plays a
crucial role in many applications including microfluidics, bi-
ological and colloidal science, lab-on-a-chip systems, and
micro-assembly. Based on the mobility of a given micro-
manipulator, currently available micro-manipulation techni-
ques can be subdivided into two categories. The first
approach uses mobile agents or end-effectors, and manipulates
micro-objects by controlling the motion of such devices. Opti-
cal tweezers,'™ magnetic tweezers, > micro-grippers,®’ exter-
nally controlled bacteria,® and untethered micro-robots® = fall
into this category. Fine manipulation resolution can be
achieved by these techniques, but they are limited by their
workspace, manipulation speed, and ability to manipulate
many micro-objects in parallel. The other category involves
locally patterned surfaces or structures, including dielectro-
phoresis,”""* electrophoresis,”* optical arrays,”**> and micro-
fluidic devices, including use of micro-pumps/valves or
magnetophoresis.”*?® These techniques can achieve simulta-
neous manipulation of large numbers of micro-objects, but
lack versatility due to their strict requirements for highly
structured and specialized environments such as patterned
surfaces or delicate three-dimensional structures, which are
not possible to reconfigure in situ.

In this study, we propose a new non-contact micro-
manipulation method using a single spherical magnetic
mobile micro-manipulator to enable high precision and long-
distance non-contact manipulation tasks with versatility in
fluidic environments. In this case, the proposed method
achieves the advantages of the first category of fine manipu-
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lation resolution and improves on manipulation speed. In
addition, by introducing a specially prepared surface, multi-
ple stationed magnetic micro-manipulators can work in par-
allel to transport multiple objects simultaneously. This
achieves the advantages of the second category, but in this
case the stationed positions of the manipulators are variable,
maintaining the versatility of the first category. Magnetic
micro-manipulators are rotated by an external magnetic field
to generate rotational flow fields, which propel micro-objects
via fluidic drag forces for precise non-contact manipulation
and long-range transportation of individual micro-objects on
a planar surface. Rotation of a single mobile spherical
micro-manipulator results in both rotational fluid flow and
two-dimensional mobility of the manipulator due to its roll-
ing-sliding-based locomotion. Therefore, rotation of the ma-
nipulator can be used to achieve fast, long distance, and
precise displacement of micro-objects with no contact from
the manipulator. In this simple case, no specialized surface is
required to perform manipulation tasks, and the micro-object
being manipulated moves closely along with the mobile
magnetic micro-manipulator. As a second more advanced
case, multiple micro-manipulators are proposed to work in
parallel on a surface patterned with magnetic micro-docks to
create reconfigurable virtual fluid channels for concurrent,
non-contact transportation of multiple micro-objects. The
simplicity of the proposed mechanism, the mobility of the
magnetic micro-manipulators, as well as the flexibility
of the virtual fluidic channels generated by the micro-
manipulator array impart versatility to this manipulation
method for various manipulation tasks.

Manipulation methods using rotating manipulators have
been reported before. A contact-based manipulation method
using a nano-wire to transport a micro-object near a pat-
terned solid surface was first demonstrated.*” Using a similar
nano-wire as the manipulator, a non-contact fluid-based

© 2012 American Institute of Physics
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manipulation method was also demonstrated.’® The concept
of using multiple manipulators to create virtual fluidic chan-
nels was also introduced in our previous study.’!’ However,
fluid conditions required for successful manipulation were
not considered in either work. In this study, we demonstrate
successful manipulation of micro-objects based on the pro-
posed mechanism using not only a single manipulator but
also multiple manipulators for parallel manipulation, and
give a detailed analysis of the mechanism and the object’s
motion in the induced rotational fluid field.

Manipulation of sub-millimeter scale objects is experi-
mentally demonstrated, and the rotational flow field induced
by a rotating spherical micro-manipulator is studied by nu-
merical simulations. In addition, the motion of objects with
different sizes and shapes in the induced rotational flow field
is characterized by experiments and analyzed qualitatively.
We particularly look into the stable orbiting motion of
objects in the induced rotational flow, based on which our
proposed manipulation mechanism is implemented. Follow-
ing from the simulations and experiments, we conclude that
the proposed method is suitable for non-contact object
manipulation in the low Reynolds number (Re) regime, and
investigate the object size range over which they can be
accurately manipulated.

Il. DESCRIPTION AND MODEL

The proposed non-contact micro-object manipulation
method, based on locally induced rotational fluid flows, can
be implemented with either one single or multiple magnetic
micro-manipulators for various manipulation purposes.

A. Rotating magnetic micro-manipulators

We first consider the case of a single micro-manipulator
spinning in contact with a flat substrate in a fluid environ-
ment. Control of the position of the micro-manipulator can
be achieved by varying the magnetic field rotation axis. Nor-
mally, the micro-manipulator rotates about an axis perpen-
dicular to the substrate. To induce translational manipulator
motion, the rotation axis is tilted from vertical by a small
angle, creating a rotation component € parallel to the sub-
strate. This parallel rotation component results in transla-
tional locomotion of the magnetic manipulator on the
substrate, while the remaining perpendicular component Q;
generates the rotational fluid flow for micro-object manipula-
tion.*' The perpendicular spinning rate |Q, | of the manipula-
tor determines the rotational flow velocity of the surrounding
field, and due to the low Re environment, has a linear influ-
ence on the circulating speed of the micro-object around the
manipulator. In this way, coarse and fine manipulation of the
object can be achieved by controlling the rotation speed,
which can be controlled to any speed up to hundreds of Hz.
After the object is placed at the target position, pure rolling
is applied (2, = 0) for the manipulator to slowly roll away
from the object without introducing disturbance to the posi-
tioned object.'®

To achieve precise control of multiple micro-
manipulators, a special substrate with magnetic micro-docks
embedded in prescribed positions is used.?' The micro-docks
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act as magnetic traps for the magnetic micro-manipulators.
First, each magnetic manipulator, one after another, is
moved towards a target micro-dock by a previously demon-
strated method.*? After multiple manipulators are trapped in
fixed positions by the micro-docks, all manipulators are
driven simultaneously by an applied rotational magnetic field
to form the virtual fluidic channels. The trapped micro-
manipulators can be independently addressed to new posi-
tions by a previously demonstrated multi-robot control
method (see supplementary material),” and hence the virtual
fluidic channels are reconfigurable during operation. In short,
this method relies on micro-manipulators with slightly dif-
ferent magnetization values to achieve independent address-
ing using low-strength rolling magnetic fields. This relies on
the unique magnetization values being separated at least by a
factor of roughly 10%. In order to maintain a large level of
magnetic torque for spinning actuation, the magnetization
values are kept as high as possible while maintaining
addressability. In low Re environments, the flow velocity far
from the rotating manipulators generated by multiple manip-
ulators can be approximated by the linear sum of the flow
fields generated by each single magnetic manipulator. This
means that results from the study of single manipulator can
be simply extended to the case of multiple manipulators.

B. Modeling

1. Numerical modeling of the induced rotational
fluid flow

Understanding the flow field generated by a rotating
magnetic manipulator is crucial for precise or automated
manipulation. Such understanding can be readily extended to
multiple-manipulator cases given the linearity of fluid flows
in the low Re regime. Stokes flow analytical solutions are
available for the case of a sphere rotating in an unbounded
liquid,*® but the presence of the underlying substrate retards
the fluid flow and thus significantly deviates the flow field
from the Stokes flow case. Therefore, finite element simula-
tions (details in supplementary material*’) were carried out
for the case of a 360 um-diameter sphere spinning at Q; =
50Hz on the bottom surface of a 30 mm x 30 mm X 1 mm
container filled with liquid of kinematic viscosity 50 cSt
(rotational Re is 0.20). High viscosity oil is chosen to reduce
Re, and to keep the results valid for smaller scale manipula-
tors. The results, presented in Fig. 1(a), show a steady-state
flow velocity taken from the equatorial plane of the rotating
sphere with a power law flow velocity fall-off on the plane
fitted from the data as

R 2.43
|Uflow| = |QJ_|R (7) 5 (1)

where R is the radius of the sphere and r is the distance to
the position of interest from the sphere center. Results of
multiple simulations with variations either in viscosity or
sphere size validate this relationship and demonstrate that
Eq. (1) is valid in the Re < 1 regime.

Due to inertial forces being comparable to viscous
forces for Re beyond unity, non-tangential velocity
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FIG. 1. Tangential velocity (vy) data from finite-element simulations taken
from a half x—z plane (z/2R € [0, 1]) which cuts through the cross-section of
the spinning sphere (represented by the solid dark semicircle in the figure).
All velocities are normalized by the linear speed of the spinning sphere at its
equator (Q,R) as vj. (a) The solid curve shows v}, as a function r at
z/2R=0.5 (the equator plane of the manipulator). The curve indicates a
power law fall-off of v with respect to r, and a fit to the data from the curve
is given by Eq. (1). (b) vj vs. height z, is given at some selected distances r,
showing the profile evolving from highly nonlinear in the neighborhood of
the sphere to linear far from the manipulator. The tangential velocity data
used to plot the curves are scaled with different scaling factors, which is 20
at the smallest r, 40 at the larger two 7’s, and 200 at the largest three r’s.

components, the radial (v,), or vertical (v.) velocity compo-
nents, can be significant. The liquid in the neighborhoods of
the poles of the sphere is drawn towards its equator follow-
ing spiral paths,® with the developed flows being ejected
away from the sphere close to its equator. However, this
equatorial flow ejection, which results from inertial effects,
becomes small compared to the circumferential flow velocity
vp as Re becomes smaller than unity. Finite element analysis
shows that for the range of Re considered here in this work
(Re < 1), the relative magnitude of the radial component is
v /vg < 0.01, indicating that the radial flow, and hence the
corresponding radial fluidic viscous drag, is negligible when
analyzing the behavior of the objects during manipulation.

2. Motion of micro-objects in the induced rotational
fluid flow

The behavior of non-neutrally buoyant micro-objects in
the locally induced rotational flow field is the result of con-
tributions from viscous drag, buoyant weight, shear-induced
forces (radial and vertical), added mass force, and interaction
between surfaces such as adhesion and surface friction.®
The strong dependence of the hydrodynamic forces on the
flow velocity distribution as well as the complex coupling
between these forces in a highly non-linear three-dimen-
sional flow field makes it difficult to analytically model the
precise behavior of micro-objects in the induced rotational
flow field. For non-contact manipulation purposes, we ana-
lyze one significant motion bifurcation: when an object
circles in a stable manner within the neighborhood of the
rotating manipulator rather than being ejected away. This is
because that the proposed mechanism requires the objects
being manipulated to be held in orbit. Based on our analysis
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in force balance, the conclusion is drawn that two criteria
need to be met to enable stable orbiting behavior of the
object in the rotational flows:

e Motion criterion: For an object resting on a substrate, me-
chanical contact with the underlying surface would occur
when the surrounding fluid is at rest. When a rotational
flow field is induced by a nearby rotating magnetic manip-
ulator, a lifting effect is exerted onto the object due to a
non-uniform distribution of flow velocity in the z direction
(see Fig. l(b)).37 If the rotational flow field is strong
enough, such a lifting effect could overcome the weight of
the object and the adhesion between the object and the
substrate, and thus lift the object from contact with the
substrate.®® If such lift-off occurs, then the object would
tend to move with the surrounding flow without surface
contact; if lift-off does not occur, then to initiate micro-
object movement, the propelling viscous drag force expe-
rienced by the object must overcome the surface friction.
Orbiting criterion: To hold the object in a circular orbit
rather than being ejected radially from the micro-
manipulator, the required centripetal force must be sup-
plied by the total contribution from radial hydrodynamic
forces and surface friction if the object is in contact with
the substrate. As shown in Fig. 2, the radial shear-induced
force points towards the rotation center where the tangen-
tial flow velocity is higher’® and thus would be the major
hydrodynamic force to provide the centripetal force. A
more detailed analysis is given in the following section.

It should be noticed that the motion criterion is a neces-
sary but not sufficient prerequisite to the orbiting criterion.

3. Forces on micro-objects

The major forces acting on a micro-object in the induced
rotational flow field are shown in the free body diagram of
Fig. 2. While the object shape studied in this section is a
sphere, the results can apply roughly to other shapes as well
through similar analysis. The following terms are pre-
defined: p,,; and py; are the density of the object and the

Vo r 0
ﬁ\
A
A
—'\ Fdrag ~

Micro-object

Gp+Fadn
Substrate

FIG. 2. Free body diagram of a spherical micro-object in contact with the
substrate in the induced rotational flows when viewed along the radial axis,
ignoring radial and vertical fluidic drag forces. The microscopic roughness
on the object and the substrate is enlarged.
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surrounding fluid, respectively. a is the radius of the micro-
object, v is the kinematic viscosity of the fluid, u, is the flow
velocity at the position of object’s center, v,y is the velocity
of the object, 7, is the shear rate along the radial direction of
the flow field, and 7. is the shear rate along the vertical direc-
tion. The centripetal force with added mass effect required to
hold a spherical object in a circular orbit is given as*’

47 27\ 5,
m?,,  \Pori g T P34 o)
Fcp = ’ L = B . (2

Order of magnitude analysis with SI units gives F, ~
107N for r=3R and F,; ~ 107N for r=8R. Precise
modeling of the shear-induced force, even only in the radial
direction, is difficult when the object is in contact with the
surface as the flows are highly non-uniform functions of r
and z (see Fig. 1). For a qualitative analysis, the velocity gra-
dient in the z-direction is neglected, while Eq. (1) is used for
the radial gradient, as the derivative with respect to r gives
the shear rate 7,. Because the flow velocity at the equator
height gives the maximum shear force in the region, this
result is interpreted as an upper bound.*”

1 1
Fy = pppa® (ue — vo)|7, 12, 3)

which gives Fy ~ 10733 N for » =3R and F; ~ 10~'' N for
r=_8R. Therefore, at any distance r within the discussed
range (3R-8R), the upper limit of F; is shown to be several
orders of magnitude larger than F,, suggesting F to be the
main contributor to F.,. In actual operations, Fy should
equal F, to hold an object in a stable orbit.

At a given distance from the manipulator r, the required
centripetal force F, is proportional to a® and vghj, while the
shear-induced force Fy; ox a®. Because a smaller object has
both smaller a and v,,; than a larger one, it is expected that
smaller objects would more easily satisfy the orbiting
criterion.

As previously stated, lift-off plays an important role in
the satisfaction of the motion criterion. Therefore, let us first
consider a typical case of vertical forces experienced by a
spherical object resting on the substrate. These forces include
the object’s buoyant weight, adhesion between surfaces, and
the hydrodynamic lifting effect. The buoyant weight is sim-

ply given by

3
Gp = (P — pﬂ)ana3, 4

and the hydrodynamic lifting effect can be approximated
by

.0
Fiipr = 9.26y.ua’ <))7> &)

This approximation is formulated based on linear shear flow,
which has a shear rate smaller than that of the actual induced
rotational flow in the vertical direction, and thus should give
a lower bound on the actual lifting effect. For an object at a

J. Appl. Phys. 112, 064912 (2012)

given distance r, such a lifting effect would be the largest
just before the object begins to move, because any transla-
tional or rotational motion of the object in a shear flow will
significantly decrease the lift force.”® Once the object starts
moving, additional terms due to translation and rotation
of the object should be added to Eq. (5) for proper
approximation.*®

Given the same weights, spherical objects resting on a
flat plane would experience smaller adhesion from the plane
than objects with other shapes due to the smaller contact
areas. According to the Johnson-Kendall-Roberts (JKR)
model of elastic contact between a smooth sphere and a
smooth flat surface, the pull-off force required to lift a sphere
from a flat surface is determined as*'

P = 1.5maW, (6)

where W is the work of adhesion between the object and the
substrate immersed in the given fluid. Lift-off occurs only if

Fl,'f,—Gb>P. (7)

Due to typical micron scale roughness of the surfaces, the
actual pull-off force required could be more than one order
of magnitude smaller than P*

Once lift-off occurs and surface friction vanishes, an
object will be driven at a non-zero translation speed by the
rotational flow, determined by hydrodynamic effects. The
flow field is highly non-uniform (see Fig. 1), which results in
complex hydrodynamic interactions. However, Taylor’s
expansion technique can be used to approximate any general
flow field with the presence of a wall by second-order poly-
nomial flow fields, in which case the viscous drag forces and
torques on a sphere near a wall have already been
examined.****

In cases where lift-off does not occur, mechanical con-
tact between the object and the substrate causes surface fric-
tion, which would be a constant resistive force Fr. Such
force is directly related to the actual contact area A, as
Fy = 1A., where 7 is the effective shear modulus between
the object and the substrate. The inclusion of this force
would tend to prevent objects from moving, and hence result
in a larger difference between the object speed and the effec-
tive speed of the surrounding flow. If the total effect of the
hydrodynamic forces fails to overcome F, the motion crite-
rion is not met and the object will remain stationary.

lll. EXPERIMENT, RESULTS, AND DISCUSSION
A. Experimental setup

The magnetic micro-manipulators used in this study
are fabricated from a mixture of neodymium-iron-boron
(NdFeB) particles (MQP-15-7, Magnequench) and polyur-
ethane base (TC-892, BJB Enterprises), via a typical soft-li-
thography-based micro-molding process.”’ The substrate
with embedded magnetic micro-docks is a spin-on-glass-
coated (21F, Filmtronics) SU-8 substrate (SU-8 2050, Micro-
Chem) with molded NdFeB docks. An electromagnetic-coil
system (see Fig. 3), consisting of three orthogonal pairs of
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FIG. 3. Photograph of the electromagnetic-coil setup which contains six
coils. A: camera for top-view vision feedback, B: microscope lens, C: top
+z coil, D: +x coil (one of four horizontal coils), E: —x coil, F: experiment
workspace, G: bottom —z coil. The —y coil is removed to allow viewing of
the workspace, and the +y is behind the workspace seen from the view.

electromagnetic coils, is used to generate uniform magnetic
fields to actuate and control the magnetic micro-
manipulators.®'

B. Results

All experiments are carried out in a 30 mm x 30 mm x
1 mm open-top container filled with silicone oil with a kine-
matic viscosity of 50 ¢St to create a low Re environment.
The magnetic field used to actuate the magnetic micro-
manipulators has a field strength up to 5 mT supplied by the
electromagnetic-coil system as shown in Fig. 3.

1. Demonstration of object manipulation

The capabilities of rotational micro-manipulator loco-
motion and non-contact micro-object manipulation are
shown in Fig. 4(a), where a 360 pm-diameter magnetic
spherical micro-manipulator transports a 200 um-diameter
polystyrene bead with a density of 1.05 g/cm on a glass sub-
strate. An external magnetic field with strength of 3.5mT
rotating at a frequency of |Q| = 30 Hz was applied to induce
the synchronous rotation of the magnetic manipulator. In this
experiment, the rotation tilt angle was kept small (<107,
resulting in a translational manipulator speed of approxi-
mately 2.5 manipulator-diameters per second. During manip-
ulation, the micro-object was trapped in orbit along with the
traveling manipulator as it translated, resulting in a stable
“carrying” behavior for long-distance manipulation. A video
of feedback-controlled automated coarse/fine positioning
and release of a 200 um-diameter polystyrene micro-bead is
demonstrated in the supplementary material.

J. Appl. Phys. 112, 064912 (2012)

The concept of using multiple rotating micro-
manipulators in parallel to create virtual fluidic channels for
non-contact object transportation is illustrated in Figs. 4(b)
and 4(c). Due to the complex flow field generated by multi-
ple manipulators, a critical separation between the polysty-
rene bead and the closest manipulator was observed, within
which the beads were trapped in orbit around the single ma-
nipulator instead of being passed to the next one. The value
of such a critical initial separation depends on the spacing
between manipulators. In this experiment, the distance
between the spinning manipulators was 1200 um, resulting
in a critical initial separation of about 600 um. Configura-
tions of micro-manipulators other than a straight line or “L”
shape are feasible.

2. Characterization of object speed

Experimental measurements, shown in Fig. 5, were
taken for object speed v,;; as a function of radial distance r
from the micro-manipulator center for several sizes of spher-
ical and non-spherical objects. Polystyrene beads of two dif-
ferent diameters (200 yum and 116 um), 400 um polyurethane
arrows and 600 um polyurethane blocks were tested. The
largest distance r that gives a non-zero v,y for a certain
object, designated as r,,, defines the range within which the
motion criterion is satisfied for the corresponding object,
whereas satisfaction of the orbiting criterion is not directly
seen from the figure.

Experimental results suggest a strong influence of the
object size and shape on both the satisfaction of the motion
criterion and the object speed. The previous qualitative force
analysis in the modeling section is helpful to explain these
experiment results. First, it is observed that shapes closer to
spheres give a larger r,,. This may directly result from the
fact that the other shapes tend to lie flat on the substrate,
increasing contact area and thus adhesion, leading to the fail-
ure for occurrence of lift-off and significant surface friction.
Next, at a giving distance r, the larger spherical objects orbit
with higher speeds than non-spherical objects for small val-
ues of r. This is because, for spherical objects experiencing
much less adhesion than the arrows and the blocks, it is pos-
sible for them to be lifted off from the substrate when they
are placed close to the rotating manipulator, which is also
the center of the rotational flow field. According to the previ-
ous analysis, after lift-off occurs, surface friction is no longer
present, resulting in higher steady object speeds than that
with the presence of surface friction. Third, the smaller
sphere moves significantly slower than the larger ones at any
given r within the range of experiments. Noticing that Fy, is
explicitly proportional to a*, while P o< a and G, o a°, the
lifting effect varies most significantly with object size, which
means that a sphere with a larger size is easier to lift off
from the surface. Once lift-off occurs, a larger Fy;y, will lead
to a wider separation between the object and the substrate; as
the separation increases, the influence of the substrate on
hydrodynamic effects which retards object movement
decreases logarithmically for very small gaps.**** In addi-
tion, because vy is a function of z (see Fig. 1(b)), smaller
objects are subject to a smaller vy and thus weaker overall
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» + micro-manipulator trajectory
=== micro-object trajectory

magnetic
micro- docks

micro-manipulators
micro-objects

hydrodynamic propulsion. This may also help to explain
why the smaller spheres move with the lowest speed at very
small values of r, within which distance the flow velocity
varies drastically with z.

Although not directly shown in Fig. 5, it has been
observed in the experiments that the object size plays a
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FIG. 5. Experimental micro-object speeds as a function of distance from a
single 360 um-diameter micro-manipulator spinning at 50 Hz. Data points
were extracted at 10 Hz from 30s of video for each object, and distance is
normalized by the manipulator diameter. Data points stop at the distance
when the object speed reaches zero. The insets are an image of each object
type being manipulated, taken by optical microscope.

FIG. 4. (a) Top-view optical microscope images of
a 365 wum-diameter spherical magnetic micro-
manipulator carrying a 200 um-diameter polymer
micro-bead along an arbitrary path on a glass sub-
strate using rotational fluid field. Eight frames taken
from video of the whole manipulation process, with
an equal interval of 1.23 s between each of them,
are overlaid to show the paths of the micro-
manipulator and polymer bead. The entire duration
is 9.87 s. Three magnetic micro-manipulator rotates
at 30 Hz and translates at a speed of approximately
2.5 manipulator-diameter per second, (900 ums™!).
(b) and (c) The micro-manipulators are trapped at
prescribed positions by magnetic micro-docks em-
bedded in the substrate while rotating at S0 Hz in
(b) “L”-configuration and (c) line-configuration.

The same manipulators are used in both configura-
(c) tions, showing the versatility of the method. The
images are frames taken from video of the manipu-
lation of multiple micro-objects. The colored lines
show the actual trajectories of multiple micro-
objects being simultaneously manipulated from dif-
ferent starting positions.

500um

major role to determine the satisfaction of the orbiting crite-
rion. For the larger beads, ejection was observed above a
critical distance, while the smaller beads always remained in
orbit, an effect predicted in Sec. II B 3 from looking at a scal-
ing analysis. In the extreme case where the object’s size is
significantly smaller than the manipulator’s, the object tends
to be drawn to the manipulator rather than maintaining a sta-
ble distance (supplementary material video shows the 116 um-
diameter beads being drawn into contact with the manipulator).
For precise manipulation of fragile or biological micro-objects,
it could be disadvantageous if the objects are drawn too close
to the manipulator and eventually in contact.

Synthesizing the effect of both object shape and size
into a usable heuristic, we propose that this rotation-based
micro-manipulation method will result in reliable manipula-
tion or transportation of both spherical and non-spherical
objects satisfying both manipulation criteria for object sizes
in the range

05 <% (8)

Tmanip

where r,p; is the characteristic size of the micro-object to be
manipulated, and 7,4, is the characteristic size of the mag-
netic micro-manipulator. For spherical objects and manipula-
tors, 7op; and 7yanp are a and R, respectively. As long as the
relationship of sizes of both the manipulators and the objects
satisfies Eq. (8), the proposed mechanism would be expected
to work for systems down to a few microns and in various
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liquids, such as water.>? However, as the size decreases to
the nano-scale, Brownian motions would be more significant
and the applicability of the proposed method on such small
scale requires further investigation.

IV. CONCLUSION

In conclusion, we demonstrated a robust method for
non-contact manipulation and long-range transportation of
sub-millimeter-scale objects on a planar surface using rota-
tional flows generated by rotating spherical magnetic micro-
manipulators. Based on simulation and experimental results,
such a method can be applied to various manipulation tasks
on smaller scales down to micro-scale or in different liquids
as long as the following conditions are satisfied: (1) Reyn-
olds number is low (Re < 1) and (2) the ratio of object size
to manipulator size is between 0.5 and 1. Two different oper-
ating modes of the proposed mechanism were introduced for
various object-handling demonstrations. In the first mode, a
single mobile micro-manipulator was used for both fast,
long-range transportation and fine positioning of one micro-
object at a time without a specialized patterned surface. In
the second mode, multiple micro-manipulators were trapped
at prescribed positions by the underlying magnetic micro-
docks embedded in the substrate and spun simultaneously to
create virtual fluidic channels for object-manipulation. These
virtual fluidic channels could be reconfigured simply by
changing the arrangement of the micro-manipulators. The
proposed method has advantages over existing micro-
manipulation schemes in liquids by allowing parallel, unteth-
ered, and non-contact manipulation with course and fine
precision capabilities in constrained spaces with no damage to
the micro-objects being manipulated. In addition, comparing to
those well-accepted parallel manipulation schemes such as
dielectrophoresis and electrophoresis, the proposed method has
the capability to reconfigure manipulation paths in situ without
changing the patterned substrate. However, contact-based
micro-manipulation methods such as microgrippers could be
better when larger manipulation forces or dexterous assembly
of parts are required. The proposed method is also not as capa-
ble as methods like dielectrophoresis and electrophoresis to
simultaneously handle very large numbers of micro-objects.
Future work will involve the use of the proposed methods for
non-contact manipulation in microfluidic channels.
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