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Using A Novel Permanent Magnet Stage

Samuel Sheckman', Louis W. Rogowski1 ,Hoyeon Kim', Julien Leclercz, Sheryl Manzoor?, Li Huangz,
Xiao Zhang', Aaron T. Becker” and Min Jun Kim'*
! Department of Mechanical Engineering, Southern Methodist University, Dallas, TX 75275, U.S.A
? Department of Electrical and Computer Engineering, University of Houston, Houston, TX 77004, U.S.A.
(Tel : +1-214-768-3972; E-mail: mjkim@lyle.smu.edu)

Abstract — This paper explores the implementation of a
permanent magnet control stage for single particle and
swarm control applications. The stage was designed to
interact with alginate microparticles encapsulated with
iron ferrite. We show that the permanent magnet stage
can manipulate both single microrobots and swarms
effectively.
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1. Introduction

Microrobotics is a vastly expanding and exciting field
of research. Methods exist to manufacture hundreds of
microscale robots using diverse array of materials and
techniques [1-3]. Since microrobots are so small, they are
ideal for minimally invasive medical procedures, targeted
therapy, disease diagnosis, single-cell manipulation, and
tissue engineering [4].

However, current fabrication constraints give
microrobots  little-to-no  onboard  computing or
communication ability [3,5,6]. Instead, these microrobots
are controlled externally through magnetic manipulation.
Helmholtz and Maxwell coil configurations are often
used for microrobot control. [7]. These systems produce a
rotating magnetic field that can enable simultaneous
control of three degrees of freedom (DOF). However, the
use of high currents to power these systems produces heat,
which can cause problems during experimentation and for
the equipment [8].

Investigations into alternative methods to manipulate
microrobots has recently turned to permanent magnets [8,
9]. Permanent magnets can provide the same or vastly
stronger magnetic fields then those produced by coil
based systems. Permanent magnets naturally produce
magnetic fields and do not require external power.

In this paper, we propose a permanent magnet stage to
manipulate single and swarms of microrobots. Using the
magnetic gradient produced by the magnet, iron
encapsulated alginate microrobots are dragged along the
surface of the fluidic test chamber. The stage allows for
precise control in the x-y plane.

2. Theory

2.1 Alginate microrobots

Alginate microrobots are used as the primary
microrobot for this line of experimentation. The exterior
of the microrobot consists of a hydrogel formed by a
crosslinking process between Alginate-Na and Calcium
Chloride [10]. During this process, it is possible to
encapsulate iron ferrite particles if they are mixed with
the Alginate-Na prior to hydrogel formation. The
centrifuge based process for creating these microrobots is
explored in detail in Ali et al, [7]. The alginate
microrobots for this experiment had an average diameter
of 300 um.

2.2 Governing forces

As described in Gassner et al. [12], the equation for
magnetic flux density of a permanent magnet is described
by:

B = u,(H + M) 2

where 1, H, and M are the permeability of free space,
the magnetic field, and the magnetization produced by the
permanent magnet, respectively. The value for y is
1.256 x 10 H/m. Further analysis can be performed to
find the magnetic force being exerted by the permanent
magnet and displayed on the magnetic dipole moment m.
This can be seen in (3) below:

F,=-V(U)=V(m-B)=(Vm)-B+m-VB ~ (m-V)B
3)
where U represents the gradient of the magnetic dipole
energy. Since the alginate microrobots encapsulate
paramagnetic nanoparticles, therefore m = ¥M = ¥yH
and the force can be rewritten as:

Ep = jj—’of(B -V)B (4)

where ¥ and y is the volume of an alginate microrobot
and the effective magnetic susceptibility, respectively.
The fluid medium in this paper is a solution of Deionized
Water and Tween 20, which has no inherent magnetic
properties. As a result, the effective susceptibility of the
medium is assumed to be 1.

These are not the only forces governing the
microrobots. Drag force from surface friction is
significant. At the small scale, forces such as gravity can



be neglected and forces such as surface friction becomes
more of an obstacle to overcome. For this reason, the
drag the microrobots experience must be calculated in the
total force equation. The drag force of a microrobot at
low Reynolds Number [13], as is assumed when working
in the microscale, can be written as:

F; = 6émuVR )

where V, D, and u are defined as the velocity, radius of
the microrobot, and the viscosity of the fluid, respectively.
Since the fluid is remaining still in our case, the velocity
is that experienced by the microrobot. When combining
Eq. (4) and Eq. (5), the equation for the total force
experienced by a microrobot is:

F, = ’:—’f (B-V)B — 6muVR (6)
0

3. Magnetic stage controller
3.1 Design of magnetic stage controller

The permanent magnet stage controller allows for a

permanent magnet to move in the xy-plane directly below
the testing area. The “Field of play,” as we have termed it,
describes the total accolated space the magnet can move
in the xy-plane. The total space in the field of play, is 12
x 24 cm®. Typically, the field of view is in the center of
the field of play, which allows for the magnet to safely
exit any time the magnetic field is not needed on the
environment.
The magnet used in the experiments was a NdFeB, Grade
N52 (KJ Magnetics, Pipersville PA, USA). With a
maximum magnetic field of 14.8 T, for comparison, this
magnetic flux is stronger than most applications using a
Helmholtz coil system. The magnet size is 2.54 x 2.54
cm’, with a thickness of 1.27 cm.

Using an Ardunio R3, two BigEasy Stepper Motor
Drivers, and three stepper motors (Sparkfun.com); the
stage was controlled through a designed graphic user
interface (GUI) by way of a C++ program. Then, the
Ardunio R3 generates a digital signal to BigEasy Stepper
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4. Experimental Setup

After construction and assembly, the experiments were
conducted under a Zeiss Stemi 2000-C Stereoscopic
Microscope. The experimental images were observed

through a Motion Pro X3 camera. All images were
captured at a frame rate of 30 fps. Fig. 1 shows the
experimental setup. From the initial inputs from the C++
program, the Arduino R3 relays the information to the
stepper motor drivers. The control inputs passed through
the drivers every 0.5 seconds. Thus, the permanent
magnet moved with a velocity of 1.360 pm/s. The
experimental chamber was made of Polydimethylsiloxane
(PDMS). The chamber was filled with a solution of 10%
Tween 20 and Deionized Water. 150 pm alginate
microrobots were then inserted into the chamber. The
microrobots were then manipulated in a sequential
pattern.
5. Results
5.1 Motion control of single alginate microrobot

Actuation of the stage controller shows that the
alginate microrobots are fully controllable. Initial
commands began with a sequence of <up, right, down,
left>, the alginate microrobots began to move with the
magnets edge as the magnet moved in the desired
direction. The alginate microrobot was manipulated to
move in a square path. In this experiment, the interaction
of one singular alginate microrobot was demonstrated to
show the ability to overcome the drag force and the
friction force of the environment. As the initial command
was given the permanent magnet would move <up>, as
the magnet moved over the alginate microrobot, the
microrobot would not move until the trailing dipole of the
magnet moved underneath. Following the magnets
trailing dipole, the alginate microrobot moves to its
destination. To allow the alginate microrobot to stop, the
permanent magnet moves, in this case, <down> to the
center of the microrobot. Through manipulation, a
distance is created between the magnet and alginate
microrobot, causing varied mobility depending on the
robots location. .
In Fig. 3(a)-(c), a
single  alginate
microrobot  of
300 um diameter
was manipulated
to spell ‘SMU”. =
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Figure 2: Single alginate microrobot
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Figure 3: Gathering of an alginate particle swarm. a) shows the
alginate particles spread out in the field of play. b) after several
passes with the magnet, most particles are now concentrated in
the center. Scale bar is Imm



5.2 Swarming motion control

Using the suggested magnetic stage controller, it is
available to move multiple alginate microrobots in a
swarm. In order to swarm, the randomly distributed
alginate microrobots must be gathered as a group. In the
experiment, the separately located microrobots were
illustrated in Fig. 3(a). Then, we located the permanent
magnet at the ‘A’ position and the separately located
individual microrobots were gathered around the ‘A’
position as shown in Fig. 3(b). The alginate microrobots
were attracted by the magnetic field from the permanent
magnet. However, the further alginate microrobot had
less attraction force because of its location relative to the
magnet.

Once the microrobots were gathered at the certain

location, we made a swarm motion by moving the magnet.

In Fig. 4(a), the more than 100 alginate microrobots were
positioned at the left side. After the magnet moved
toward the right side, they followed the magnet
movement as shown in Fig. 4(b). As seen in Fig. 4, the
drag forces of the alginate microrobots can be an issue at
times. The trailing alginate microrobots of the swarm can
be seen to have moved very little from the initial location
of 0's.

6. Conclusion

The proposed permanent magnet stage enables
manipulation and control of microrobots. As shown in the
experiments, a single microrobot can be manipulated to
perform several individual tasks. A large swarm of
microrobots can also be manipulated as well. As this
system does not produce a rotating magnetic field, it is
shown that the drag force being produced by the magnet
is sufficient to control the alginate microrobot(s).
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Figure 4: demonstration of alginate swarm control. a) shows
the starting positon of the swarm, b) shows the swarm moving
to the right with a noticeable dispersion of the swarm due to the
magnetic gradient from the magnet, ¢) shows the final swarm
re-coalescing at the end position. Scale bar is Imm
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