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Non-Contact Cooperative Manipulation of Magnetic

Microparticles Using Two Robotic Electromagnetic
Needles

Ogulcan Isitman ¥, Houari Bettahar

Abstract—In this paper, we report a cooperative manipulation
method for non-contact robotic electromagnetic needle manipula-
tion system. We employ two 3 degrees of freedom (DOF) robotic
electromagnetic needles to achieve an over-actuated manipulator,
which can move the particle to any position in the planar workspace
from any direction. The redundant DOFs, combined with an
optimization-based control approach, enable the manipulator to
achieve accurate path following and avoid the collision of needles.
Using visual servoing, the developed controller can achieve line
following accuracy of 0.33+0.32 pm, square following accuracy of
0.77+£0.55 pum, and circle following accuracy of 0.89+0.66 pom with
a 4.5 pm diameter superparamagnetic particle. The manipulator
can also manipulate a particle along complex paths such as infinity
symbol and letter symbols.

Index Terms—Cooperating robots, automation at micro-nano
scales, micro/nano robots.

1. INTRODUCTION

OOPERATION of multiple robotic manipulators has been
C an important technique to achieve tasks that are difficult
or not feasible with single manipulators [1]. Such cooperative
robotic manipulation systems are widely used in applications
such as manufacturing of consumer products [2], [3], assem-
bly parts in the outer space [4], rehabilitation of patients [5],
and complex sample preparation in laboratory automation [6].
Many previous reported cooperative manipulators are developed
to manipulate objects of size from several meters to several
millimeters [3], [7]. They often rely on the rigid contact between
the object and the end effectors of the manipulator. Cooperative
manipulation of microscale objects has also been reported, e.g.,
caging micromanipulation using four cooperative contact probes

[8].
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Magnetic field-driven microrobotic manipulation of agents
has piqued the interest of researchers, with a wide range of
applications. Due to its transparency to human and animal tissues
when the field is weak and varying slowly [9] and the capability
to address micro-objects wirelessly, magnetic fields have been
widely used in robotic micromanipulation. Magnetic-driven
microrobotic systems have been demonstrated in performing
independent control of multiple magnetic agents in 2D [10] and
3D [11], selective manipulation and extraction [12], [13], swarm
motion and patterning [14], [15], as well as carrying out targeted
gene delivery [16] and climbing on liquid menisci [17], among a
plethora of other reported capabilities [10], [11] and [18]. Over
the previous two decades, many impressive results have been
reported, including contactless ocular operations, targeted drug
delivery [7], [19] and [20] in-vitro diagnosis [21], endoscopy
[22], minimally invasive operation [23], and environmental re-
mediation [24], [25].

However, cooperative manipulation technique is hardly ap-
plied in magnetic field-driven manipulation. Magnetic field-
driven manipulation is usually achieved by several stationary
coils. One of the well-established technique to manipulate small-
scale magnetic objects is to use three pairs of Helmholtz coils
to generate rotating, oscillating, or uniform magnetic fields as
demonstrated in [14], [16] and [17]. Depending on the target
field distribution or object velocity or force vector, currents on
different coils are calculated based on the models of the system.
For example, eight coils are worked together in [11] to indepen-
dently manipulation multiple geometrically or magnetically dis-
tinct microrobots in three dimensions. In [26] researchers used
nine electromagnetic coils and current minimizing techniques
to achieve simultaneous manipulation of two identical micro-
spheres. In [18], researchers proposed a ferrofluidic manipulator
consisting of 8 small-scale magnetic coils to manipulate 550 pm
diameter spherical non-magnetic particles. Despite the advanced
capabilities, most of those magnetic manipulation technologies
create global magnetic fields using multiple fixed magnetic
sources.

A robotic electromagnetic needle is a promising magnetic
field-driven manipulation technique with a mobile magnetic
source that can selectively manipulate microparticles [27], [12].
Seon et al. has shown automatic non-contact manipulation using
an electromagnetic needle that can achieve velocity control, path
following, separating two adjacent particles, selective extraction
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Fig. 1. Image of the two-needle robotic electromagnetic needle manipulator.

of particles from a population, and independent manipulation
of four particles [13]. In the work, a single needle is used to
manipulate a5 gm particle. Despite its benefits, the manipulation
capability after a particle is extracted or selected is limited to the
motion directed towards the needle.

In this paper, we report a cooperative manipulation method for
non-contact robotic electromagnetic needle manipulation sys-
tem. We employ two 3 DOF robotic electromagnetic needles to
achieve an over-actuated manipulator, which can move the par-
ticle to any position in the planar workspace from any direction.
The redundant DOFs, combined with an optimization-based
control approach, enable the manipulator to achieve accurate
path following and avoid the collision of needles. This paper
is organized as follows. Section II defines the concept of the
two needles cooperative micromanipulation system. Section III
models the manipulation of microparticles using electromag-
netic needles. Section IV describes the proposed control ap-
proach. Section V reports and discusses the obtained experi-
mental results. Finally, Section VI concludes the paper.

II. APPARATUS AND MATERIALS

To achieve cooperative non-contact micro manipulation, we
use a robotic electromagnetic needle system as shown in-
Fig. 1. The system consists of two electromagnetic needles, each
mounted on a 3 DOF nanopositioner.

The needles are made of stainless steel, of 0.5 mm in di-
ameter and 25 mm in length with a tip radius of around 15
pm, similar to the one used on our previous work [13]. The
needles are coiled with copper wire (AWG 34) for about 300
turns in four layers. The 3 DOF nanopositioner is built from
three identical stages (SLC1720, SmarACT, Germany) with
sub-nanometer resolution and a maximum range of 12 mm. The
microparticles are polystyrene encapsulated fluorescent iron-
[I-oxide (Fe304@PS, Microparticles Germany) with a mean
diameter of 4.54 pum, density of 1.5 g/cc, mass susceptibility
of ~ 1,7 x 107* m? kg~! and saturation magnetization of
~ 16 Am? kg~! Superparamagnetic microparticles (10 uL of
stock dispersion, particle concentration: %1 w/v) were diluted
with 100mL of water (deionized Milli-Q). A dose of ~10 uL
solution yields hundreds of microparticles within the sample
carrier.
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Fig. 2. Tllustration of non-contact cooperative manipulation (left) and particle
motion dynamics (right). The magnetic forces F'1 and Fo act on the particle
are pointing towards the tip each needle. The drag force F'4 is opposite to the
direction of motion of the particle, and v,, is the particle velocity where the

direction is the same as the magnetic force F,,,. N; is position of the tip of it/
needle.

A video camera (Prime BSI, Teledyne Photometrics, USA)
attached to an inverted microscope (Axio Vert.Al, Zeiss, Ger-
many) provides visual feedback. The workspace is observed with
an x20dry objective (LD A-Plan 20x/0,35 Ph1 Zeiss, Germany).
The camera resolution is 2048 x 2048 pixels, and the resulting
field of view is about 1024 pm x 1024 pm.

A data acquisition device (NI 6343, National Instruments,
USA) is used to control the electromagnetic needles, where the
computer-generated signal is amplified by a current amplifier
(TS200, Accel Instruments, USA). A constant current of 0.18 A
is supplied to the needles unless they are turned off intentionally.

III. CONCEPT OF THE NON-CONTACT COOPERATIVE
MANIPULATION

The magnetic force acting on a single particle from a needle
is the negative gradient of the magnetic potential energy (U):

F = -VU = -V (m, -B)=—uV(m, -H) (1)

where 11 the vacuum permeability, m, is the magnetic moment
of a single particle, B the magnetic flux density, H the magnetic
field. Note, in this paper, the bold symbols represent vectors.

Assuming the size of the particle is negligible compared to
particle-needle distance, the total magnetic field generated by
two needles can be described as:

H =H, +H, ()

where the magnetic field generated from each magnetic needle
can be presented as [28]:

M,

Hi=——— u
455 +1 ¢

3
where M, is the needle core magnetization, which is a function
of magnetic susceptibility of the material, number of turns per
unit length, and applied current to the needle, 3 is the pole shape
coefficient, §; is the distance between the particle and the tip
of the i*" needle, §; = || N; — p||, see Fig. 2. u; represents the
unit vector directing from particle to the needle. Here we treat
the two needles as identical such that M,,; = M,» = M,, and

Br=p2=p.
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Then the magnetic field gradient can be expressed as:
dH 48 M,
P
dd;  (486; +1)°

The magnetic force between a particle and a needle tip can be

represented as the following:

4mp:“06 Mn

(480; + 1)

where m,, is the scalar magnitude of the magnetic moment
of a single particle and magnetic force F',,, = F'1 + F'5. The
magnetic particles are immersed inside water and their motion

is damped by the hydrodynamic drag force, F'y, which can be
expressed by using Stoke’s law for spherical objects:

Fd = - 371'1]fdp'l)p (6)

“)

P =

Uu; )

where v} is the fluid density, v,, is particle velocity and d,, is the
particle diameter.

The constant voltage supplied to both coils generates a lo-
calized magnetic field and hence force that pulls the magnetic
particle towards the high magnetic field created by the needles.
Since the particle is heavier than water and hovering on the
surface of the glass slide due to an electric double layer [29], the
particle dynamics in the x-y plane can be defined as:

Fg+ma,=F, 7)

where a,, is the acceleration of the particle, F',,, the magnetic
force exerted on the particle, F',,, = F'1 + F'5. Since the par-
ticle is ~4.5 pm in diameter, the inertia term can be neglected,
and we can treat F'y = F',,,. Then (7) can be rewritten as:

 Fi+F,
P T T Brusd, ®
Substituting (5) into (8),
1 1
v, (01,00) = C uy + u 9
p (o) <(4651+1)2 (486, 1 1)? 2) ©

where the coefficient C' = 4pgmpBM,, /31vsd), .

The non-contact cooperative manipulation is illustrated in
Fig. 2 with a free body diagram.

Identifying the parameters in C in (9) is not trivial since
each particle has variations in size and the amount of magnetic
substance. Therefore, we employed an experimentally estimated
model of particle velocity v,,(d1,02) as a function of particle-
needle distances to develop the proposed optimization-based
control approach. The details of the experimental estimations of
velocity model parameters are presented in experimental section.

IV. OPTIMIZATION-BASED CONTROL

The electromagnetic manipulator having two cooperative nee-
dles is an over-actuated system. To achieve unique manipulation
actions that satisfy the physical constraints of the system, we for-
mulate the system as an optimization method with constraints.

The controller aims to find the optimal needle positions that
minimize the error between the modeled velocity v,,, and the tar-
get velocity v, while avoiding potential collision of the needles.
Seeking a solution in the vicinity of the current needle position is
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Fig. 3. Cooperative control concept. The red cross represents the target posi-

tion for the particle. (py, py) is the current position of the particle (in red). v,
and v, are the target velocity and modelled velocity, and v,,,1 and v,,2 the
particle velocity components induced by respective needle. The current needle
positions (in black) are (Njz, Niy), the predicted optimal needle positions

(in grey) are (N}, N, Z*y) The displacement between the needle positions are

denoted by AN;—1 2. 1band ub are the upper and lower boundary constraints,
respectively.

important to avoid hydrodynamic disturbance to the particle and
the environment due to the large displacement of the needles.

The cooperative manipulation scheme can be visualized in
Fig. 3.

The input for the algorithm is the target particle velocity vy,
the current positions of needles N;, N; € R?fori € {1, 2} and
the particle position, p, p € R?. The cost function J can be
expressed as:

argmin.] = w1 (H’Ut — U (61,(52)”) + wo (ANl + ANQ)
N1,

N3
b Nig ub
b < le < Py— €
subject to : b R ub (10)
J ' py+ € Ngy ub
l[vmi (3:) >k
[V (61, 02) |

where 6; = |N; — p|l, AN; = ||[N; — N; ||, N; € R?and || - ||
represents the Euclidean norm of a vector. The term € is added
to y-direction boundaries to provide a distance margin between
the needles to avoid collision. Other variables are explained in
Fig. 3.

In (10), the modeled particle velocity v, is calculated
from difference between the current needle positions N; =
(Nyz , Niy), and particle position p = (p, , py). The first term
of the cost function penalizes the error between the modeled
velocity v,, and the target velocity v;. The second term is to
penalize the needle displacement during manipulation to achiev-
ing small incremental needle motion that reduces hydrodynamic
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disturbance. wy and ws are the weights of the 1 and 2" terms,
respectively.
The algorithm returns optimal needle positions N* € R?,
where
Nig
*

N* = | (1)

To avoid a potential collision, the motion of each needle
can operate either in the upper (red) or lower (blue) half-plane
separated by the particle within the boundary defined by ub and
[bin (10).

In cooperative manipulation, many motions can be achieved
using a single needle. However, such manipulation will cause the
less active needle to be moved far away from the particle. In the
case the inactive needle should participate in manipulation in the
next step, a dramatic motion of the needle is often needed, which
may disturb the motion of the particle. To avoid such dramatic
motion, we ensure that the task is always distributed between
the needles such that each needle is actively contributing to the
particle motion. This is similar to the tension distribution of
the cable-driven robots as the tension of all the cables must be
positive [30]. In practice, we use a cooperation coefficient k.
that is the ratio between the contribution of modelled particle
velocity towards any needle v,,,; and the total modelled particle
velocity v,,.

The overall control scheme is shown in Fig. 4., where a con-
troller including an optimizer and a model. The optimizer uses
the cost function described above to find the optimal needle posi-
tions using the experimentally obtain velocity model v,,, (81, d2),
explained in the Experimental Section. The controller gets the
target velocities v; from a path generator, and measurement of
the particle position p from camera and needle positions IV;
from internal sensors of 3 DOF nano-positioner. The output of
the controller is the optimal needle positions that command the
motion of the system especially the 3 DOF nanopositioner.

Optimization-based path following control scheme for magnetic micro-particle control using two cooperative electromagnetic needles.

Fig. 5. Calibration procedure for identification of the transformation matrix
between the needle and task spaces.

The particle position pis estimated using blob detection-based
machine vision algorithms in image space, which is also used as
the task space. A calibration procedure is designed to identify
a transformation matrix between the task space and the needle
spaces as illustrated in Fig. 5. The calibration runs once at the
beginning of experiments. The tip of the needle is identified
using template matching. Each needle scans the workspace with
a pre-defined path and collects the data from needle space "N
and task space ‘N to calculate the transformation matrix H,,:

IN = 'H, « "N (12)
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TABLE I
THE OBTAINED PARAMETERIZED MODELS

Model a b R? RMSE
as™b 535x 107 329 097 1.03
a(+b)2 498x10* —3779 096 1.1
o ; . ; . . . —
(ars®)
i —(al(o+b)?)]
=
2301 :
=
820t 1
[
>
10F -

60 80 100 120 140 160 180 200 220 240
Distance (um)

Fig. 6. Parameter estimation of velocity models from experimental data.

The obtained transformation matrix is then used for the ex-
periments.

V. EXPERIMENTAL
A. Velocity Model

The theoretical velocity model of (9) can be written in the
form of the parameterized model below:

1 1
13
L u + Gt b)2u2> (13)

wherea = C/(48)?,b = 1/(4B). v,, is the modeled veloc-
ity of the particle, corresponding to v,, in (9). Particle motion data
from fifteen particles was collected using a constant voltage of
0.2 V and a corresponding current of 0.18 A applied to the needle.
The particle trajectories are recorded and the particle positions
in each video frame was detected using the blob detection
algorithm. Then, the velocities and the respective distances be-
tween the particle and the needle are calculated. The calculated
velocity and distance data from all particles are combined for the
parameter estimation of the model using non-linear least square
method. The two needles are treated identical.

The identified velocity model for the needle is in the form
of a(d + b)~2? with R? of 0.96. However, we find that a more
generic model ad " gives a better fit, with R? of 0.97 as shown
in Fig. 6 and Table I. Therefore, the following empirical model
for v,,, is used in the cooperative manipulation experiments:

v (61,02) = a (81 Pug + 62 Pus)

U (01,02) = a <

(14)

B. Cooperative Manipulation Experiments

The optimization-based control is implemented using Python
3.9.2. The vision feedback algorithms are implemented using
OpenCV-Python 4.5.1.48. The optimization is realized using
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TABLE II
THE OBTAINED MEAN ERROR, STANDARD DEVIATION, AND MAXIMUM ERROR
FOR A DIFFERENT TYPE OF PATHS

Path Mean error s.t.d. of Maximum Mean Velocity
error

type (um)  error (um) (um) (hm/s)

Line 0.33 0.32 1.30 8.54

Square 0.77 0.55 2.32 8.39

Circle 0.89 0.66 2.82 8.65

SciPy 1.7.0 Sequential Least-Squares Programming (SLSQP)
method. The cooperation coefficient, k. = 0.5 is used in the
experiments.

The performance of the controller is validated using three
experimental cases: line, square, and circle following. Each case
was repeated five times and means and standard deviations of
errors are calculated. Three of the repetitions are shown in Fig. 7.
for clarity.

In the line following experiment, the particle was moved from
left to right following a 125 pm line. In square paths following,
the particle was started from the upper left corner of the square
having a 125 pim side length. The diameter of the circular path is
100 pm. The obtained means and standard deviations of errors,
and maximum error for different types of paths are summarized
in Table II. The results show that the controller can have a line
tracking accuracy better than 10% of the particle size, and for
more demanding square and circle path following, the controller
can achieve tracking better than 20% of the particle size.

The mean and maximum errors and standard deviations of
errors increase from line to square to circle paths. For example,
for the line path, the orientation of the line segment between
the tips of the two needles N1 N are little changed during the
whole path when the needle positions change (see Movie 1).
However, for the circle path following, both the positions of the
needles and orientations of the line segment N1 /N> change rather
dramatically during the manipulation, leading to increased path
tracking errors and uncertainty (see Movie 3). For the square
path following, the dynamic of the needles is between the cases
of line and circle path following (see Movie 2).

We also tested the cooperative manipulation system for more
complex paths such as the infinity symbol and Aalto University
logo paths, and the obtained results are shown in Fig. 8.

VI. CONCLUSION

In this paper, we reported a non-contact cooperative
micromanipulation technique using two robotic electromagnetic
needles. The motion of the microparticle is induced by a joint
magnetic field gradient generated from the two needles.
The trajectory of the particles is controlled by adjusting the
positions of the needles using two 3 DOF nano-positioners. An
optimization-based control was designed to achieve cooperation
between two needles, to find the optimal needle positions that
minimize the error between the modeled velocity and the target
velocity, while avoiding potential collision of the needles.

The manipulator can precisely follow different given paths
from a line to more complex letter-like paths. The experimen-
tal results show that the cooperative manipulator can achieve
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Fig. 7.  Path following for 3 different paths (line, square, circle).
-150 " . ; . complex paths such as the infinity symbol and the Aalto Univer-
—Particle Position —Target sity logo.
100} The reported cooperative manipulation method will be in-
tegrated with the previous selective manipulation technology
[13] for a particle-based in vitro drug delivery system for cell
-50 . . .
toxicology study. The method will also be extended with more
€ & needles and more accurate control of the magnetic field induced
; by the needle. In this work, only particle motion in xy-plane was
considered, where z-axis motion will be address in our future
S0r work. Another aspect to be improved is the sampling frequency
of the control system. The current frequency of about 10 Hz
100} works reasonably for the experiments but may not be sufficient in
applications. We will improve the efficiency of both the machine
150 - : - ; - vision and optimization algorithms to achieve high sampling
-150 -100 -50 O 50 100 150 . : :
frequency to tackle possible high frequency disturbance to the
X(um) particle from the environment including the Brownian motion.
-100} —Particle Position —Target | ACKNOWLEDGMENT
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