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Abstract

Magnetic micromanipulators are capable of generating wide range of magnetic forces to manipulate magnetic microparti-
cles for biomedical applications. In this study, a multipole magnetic micromanipulator system including electromagnets,
driver circuitry and control unit is designed, modeled and implemented. The micromanipulator can produce a broad
range of magnetic forces up to 25pN on a single magnetic microparticle (1-10 wm diameter) that is 5 mm away from the
electromagnet core tip. Both linear and nonlinear controllers are designed and implemented, and the proposed nonlinear
controller produces smooth control currents to assure closed-loop stability of the system with | s non-overshoot transi-
ent response and zero steady-state tracking error. The maximum output current of the driver circuitry is set to | A. The
single particle at the center is moved at a speed of 5mm/s. The fully automatic system can be utilized in applications
related to single cell or microparticle manipulations.
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Introduction the treatment of small or deep-seated tumors was
) ) ) ) ) achieved by heating of the targeted regions, known as
Manipulation of the magnetic microparticles has been hyperthermia.19’26

drawing great attention in recent years due to wide
range of applications in biology and medicine."” The
most commonly used microparticles are made from
superparamagnetic or ferromagnetic core materials.
These particles are commercially available in sizes rang-
ing from 0.2 to 100 pm and are conjugated with specific
antibodies or chemicals to make them functional for
various applications.® '® Under external magnetic field,
the magnetic microparticles can be remotely manipu-

For manipulation of magnetic particles, the required
external magnetic field is usually generated by perma-
nent magnets or electromagnets.>*”*® Compared with
the other micromanipulation methods such as optical
tweezers>” and atomic force microscopy,’® the magnetic
manipulators have much wider application areas, they
do not damage the biological entities and are easy to
use.®?"¥ The magnetic manipulators including the per-

. . X . Y% manent magnets are designed with some empirical cali-
lated as a non-invasive tool for cell manipulation,

DNA_RNA R 13 d brations and useful for simple magnetic tweezer
o eﬂgaéctmg, IMMUNOAssays, - targete” applications such as analysis of the DNA molecule
drug delivery, magnetic resonance imaging,

. : i« 6,3335
hyperthermia therapies'®'® and signal amplification.? t?pology andb t(()ip glsqmerases . dstudles. di The
: electromagnet-based designs provide some diverse con-

Magnetically controlled drug delivery is one of the sig- £ gns p

£ hod b q struction alternatives by controlling the amplitude and
m 1ca2nlt methods among the largeted treatment sys-p. direction of the magnetic force.' Some applications
tems.” Magnetic particles with conjugated drugs are

X include measurement of adhesion  strength,*

used to reach to the targeted region properly and
deliver the drug for cancer treatment.”?>* Another
application involving magnetic microparticles is mag-  Department of Electrical and Electronics Engineering, Abdullah Giil
netic separation where magnetically labeled entities are  University, Kayseri, Turkey
removed from the nonmagnetic medium. With this .

h, the extraction of tumor cells and separation ~ CorresPonding author:
approa.c ’ X 25 . p . Giinyaz Ablay, Department of Electrical and Electronics Engineering,
of specific enzymes were achieved.”™ Magnetic particles  Apdullah Giil University, Kayseri 38080, Turkey.
have been also used for therapeutic purposes. Recently,  Email: gunyaz.ablay@agu.edu.tr



https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/0959651819871783
journals.sagepub.com/home/pii
http://crossmark.crossref.org/dialog/?doi=10.1177%2F0959651819871783&domain=pdf&date_stamp=2019-09-09

Proc IMechE Part I: | Systems and Control Engineering 00(0)

investigation of receptor binding firmness,®’ torque

generations,®® magnetically driven microrobotic sys-
tems>>*' and some industrial applications.**

In this study, an electromagnet-based magnetic
micromanipulator system for controlling microparticles
in a fluidic environment is designed, modeled and con-
trolled. The micromanipulator is designed using finite
element—based numerical solvers for optimal magnetic
force generations. At present, in the literature, the
research scholars have mostly focused on actuating 0.1-
to-10-mm-sized magnetic particles; the modeling meth-
ods of the magnetic actuation systems are based on the
general magnetic force models, and thus there is no sys-
tematic control approach. In this work, a quadrupole
magnetic micromanipulator system is developed for
manipulating magnetic microparticles in the range of
1-10 pwm diameter. For control and analysis purposes,
a current-to-force relation—based model for the mag-
netic micromanipulator system is derived from the first
principles—based modeling in which the magnetic
monopole and magnetic circuit techniques are incorpo-
rated. A systematic nonlinear controller based on the
integral backstepping approach with smooth control
outputs is proposed for automatic control of the mag-
netic micromanipulator. The performance of the non-
linear controller is compared to that of an offset
current—based linear controller, and the experimental
results are given to demonstrate the viability and effi-
cacy of the proposed controllers.

System description and design

In this study, a quadrupole magnetic micromanipulator
system is put into practice, mathematically modeled,

analyzed and automatically controlled. The system con-
figuration is illustrated in Figure 1. The magnetic
micromanipulator system is composed of multiple elec-
tromagnetic actuators, a microfluidic workspace, an
imaging system consisting of a camera and an objective,
a workstation, a microcontroller, a power interface cir-
cuit, a multichannel DC power supply and a Cartesian
manipulator. By virtue of COMSOL Multiphysics, the
electromagnets are composed of 2000 copper winding
on a nickel-iron alloy core whose length is of 76 mm.
The ferromagnetic Ni-Fe alloy strengthens the electro-
magnets for generating adequate magnetic forces to
manipulate the microparticles in a fluidic medium. The
Ni-Fe alloy is preferred because of its good magnetic
permeability features, high magnetic saturation figure
and low cost.* Each of the cores is fixed with plastic
clamps on the plexiglass to prevent any unbalanced sit-
uation that stems from the magnetic pulling force of
each electromagnet. It is seen in Figure 1 that four elec-
tromagnets are designed and placed symmetrically in
order to manipulate the microparticle in x—y directions.
The workspace (or fluidic reservoir) is made of
poly(methyl methacrylate) (PMMA) (plexiglass) with a
10 mm diameter, and it is located at the center of the
electromagnets. The PMMA material is selected because
it is transparent and can be shaped easily using the laser
cutter. Camera-objective system is used to detect the
magnetic microparticle in the fluidic reservoir. The
industrial USB 2.0 complementary metal oxide semicon-
ductor (CMOS) camera is able to capture 53 frames per
second with a 640 X 480 pixel resolution. A 10 X objec-
tive is used to magnify the microparticles in the work-
space. The motorized Cartesian manipulator is used for
adjusting the position of the camera setup in x—y—z
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Figure |. A quadrupole magnetic micromanipulator system and its experimental setup.



Boyiik et al.

directions. The current needs of eclectromagnets are
solved with a multichannel DC power supply that pro-
vides 0-30V adjustable voltage outputs and 0-3A
adjustable current outputs. The pulse width modulation
(PWM) outputs of a microcontroller are interfaced with
power MOSFET driver circuits to deal with the varying
current needs of the electromagnets. A powerful work-
station equipped with MATLAB software is used for
data acquisition and video processing in real time.
Based on the video images, an online particle identifica-
tion and tracking algorithm are established for detecting
the microparticle position and using it in the feedback
control algorithms.

One of the most critical aspects of the system is
related to design of magnetic micromanipulators. To
get optimal actuator designs, the magnetostatic problem
of the magnetic micromanipulators can be solved with
numerical or analytical techniques. Analytical methods
including the Biot-Savart law may be implemented to
get solutions, but the complexity of the geometry and
usage of different materials makes such analytical solu-
tions cumbersome. Thus, we used finite element-based
numerical solvers to solve the magnetostatic design
problem. In our previous work,' we reported the details

of the electromagnet design for one axis system. In this
work, COMSOL Multiphysics software is used for two-
axes (two-dimensional (2D)) design, in which it provides
finite element—based solutions to partial differential
equations of the magnetostatic problem. The equations
of the magnetostatic problem are given by

B=VXAVXH=T (1)

where B, A, H and J represent the magnetic flux den-
sity, magnetic vector potential, magnetic field intensity
and current density, respectively. The current density is
defined by

J=cE+J, J, = (2)

where o is the electrical conductivity, E is the electric
field intensity, N, is the number of coil windings, /. is
the total coil current and A, is the total cross-section
area of the coil domain. From solutions of magnetic
vector potential, 4, the COMSOL evaluates the mag-
netic field B and its elements in a given region. Some of
the COMSOL-based design results are illustrated in
Figure 2. Since the produced magnetic force heavily
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Figure 2. Magnetic flux density variations with (a) core tip radius, (b) core length, (c) core radius and (d) solenoid current (arrow
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Figure 3. A representation of the magnetic micromanipulator
for modeling.

depends on the geometry and core materials, to exert
an adequate magnetic force on a single magnetic micro-
particle, sharp and roller-shaped core tip geometry is
designed. In order to find optimal magnetic field solu-
tions, many parameters such as core radius, core
length, tip radius, taper length, solenoid current, sole-
noid position and permeability of the material have
been taken into account. Figure 2(a) shows the mag-
netic flux density distribution when the radius of core
tip varies. It is seen from the figure that magnetic flux
density decreases with increasing radius of the core tip.
Sharper core tips yield intense magnetic field density
and high field gradient; however, the magnetic force
diminishes rapidly with increasing distance. It should
be noted that the magnetic flux density lessens
with distance with ~d* in diamagnetic surroundings.
Figure 2(b) displays magnetic flux distribution when
the core length varies. The magnetic flux density
increases with increasing core length (i.e. the longer the
core length is, the stronger the magnetic field is).
Figure 2(c) shows the effect of the core diameter on the
flux density, which decreases with increasing core dia-
meter. Figure 2(d) illustrates the effect of the solenoid
current on the magnetic field generation. The magnetic
flux density increases with the applied current until the
material reaches magnetic saturation. All these features
are taken into account for selection of optimal design
parameters in the design of electromagnets.

While the numerical solvers are utilized for getting
optimal magnetic actuator designs in terms of geometry
and materials, the first principles approach is needed to
model the system for achieving analysis, calibration and
suitable control designs.

Equations of motion for magnetic
microparticles

The system can be partitioned into particle dynamics
and electrical dynamics, and modeled with the first

principles approach. Consider the quadrupole electro-
magnetic actuator as illustrated in Figure 3, the
dynamics of the microparticle whose mass is m can be
modeled with Newton’s second law, and the electro-
magnets can be modeled with Kirchhoff’s voltage law.
Then, the interaction between these models can be
combined via magnetic force model to complete the
modeling.

The magnetic microparticle dynamics in an aqueous
environment is obtained by applying Newton’s second
law of motion. Various forces that are subject to micro-
particle dimension, and working surroundings have
impact on the movement of microparticles. For the
magnetic microparticles, whose radius is about 0.5—
5 pm, the most dominant forces are the magnetic force,
the friction force and the drag force.** Thus, the
dynamics of motion of the magnetic microparticle in x
and y directions can be written as

mx + F,x, = F,,, + F;
my + F,, = F,, +Fy

(3)

where m(in kg) is the mass of microparticle, F,, and
F,, are the friction forces, F, and F,, are the applied
magnetic forces, and Fj; (in N) represents the random
disturbance affecting the magnetic microparticle. The
friction forces, F,, and F,,, are given by

Fx = px, F,, = py (4)

where, as stated by Stokes’ law,* the drag coefficient
p(in Ns/m) is defined by p = 6m0ah: 6, @ and h are the
fluid viscosity, correction coefficient and particle radius,
respectively.

The microparticle is controlled with the magnetic
forces F,,, and F,,, which are generated by the electro-
magnets. The magnetic force responsible for the move-
ment of the magnetic microparticle is related to the
magnetic flux B(in T) and the magnetic moment func-
tion m(in Am?), and can be written in any direction as*®

FE, = V(#E) (5)

The magnetic dipole moment for a weak magnetic
microparticle is defined by Shevkoplyas et al.*’

m=

ﬁ (B —1o) 3
Bo (1 24) b ©)

where V/;, is the volume of the particle, w is the magnetic
permeability of the particle and u, is the magnetic per-
meability of the free space. By substituting equation (6)
into equation (5), the magnetic force can be obtained as

Fp=kV (B' : E) (7)

where ky = 3V(n — o)/ Cuo(pe + 2ug)). This form of
the magnetic force equation completely depends on the
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spatial coordinates. However, the magnetic force can be
calculated by specifying the magnetic field (B) so that a
suitable control algorithm can be generated. If the pole
(or core) tip is assumed as a point magnetic charge, the
produced magnetic field at a coordinate position d can
be written as

Bk i (8)
where 7 = J/ d is unit directional vector, J(in m) repre-
sents magnetic microparticle position, Q(in Am) repre-
sents the magnetic charge and k,, = p,/47 is the
magnetic field constant. In order to calculate the mag-
netic force, Q must be determined. The magnetic
charge Q is a function of the magnetic flux ¢ defined
by Q = ¢/u,. Using Ampere’s loop law, the magnetic
flux can be obtained by ¢ = N.I/R,: where N, is the
number of coil windings, R, represents the magnetic
reluctance, known as R, =g,/(ngAds), Wwhere
o = 47 X 1077(in Tm/A), g.(in m) is the gap between
pole tip and particle, and the cross-sectional area is
given by A,(in m?). Finally, by writing equation (8)
into equation (7), the magnetic forces at the workspace
center (x = 0, y = 0) are obtained as'

Fp = kfm (I% - I%)

9)
Foy = kj (55 — I3)
where
4N?ksk2
k — ¢ m 10

where d(in m) is the radius of workspace (or the dis-
tance from the tip of the coil to the magnetic micropar-
ticle). Now, the generated magnetic forces are
represented with the control currents, which eliminate
the spatial dependence of the magnetic force
calculations.

The disturbing force F; is composed of random ther-
mal noise force and other forces such as particle inter-
action, thermophoretic, magnetic interaction and
electrostatic interaction forces. However, the disturbing
force F; is mainly composed of random thermal noise
force. The thermal noise force, or Brownian force,
occurs on account of the influence of the liquid nano-
molecules on the magnetic microparticle. The power
spectrum of thermal noise force is given by
P(F;) = 4k, Tp, in which kj; = 1.38 X 10723(J /K) refers
to the Boltzmann factor and 7(K) represents the
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Figure 4. Block diagram of the linear control system.

temperature.*® Moreover, the model mode of the ther-

mal force is given by the white noise as*’
20k, T\ '/
@—5(pb> (11)
T,

where white noise é has zero average and unit variance,
and T refers to a sampling time. It should be noted
that the magnetic force and the friction force are the
most dominant forces for magnetic particles whose dia-
meter is around 1-10 pm,** so the disturbing force has
a negligible effect on the system in micrometer range.
In addition, dynamic behavior of electromagnets (for
i=1,2, 3, 4)can be modeled by

d; —RJI; V;
- + A 12
dt L, L, (12)

where L, (H) is the magnet inductance, R, (Q2) is the
magnet resistance and V; (V) is the supply voltage. The
electromagnets are designed to be identical, so the elec-
trical model parameters are practically the same. It
should be noted that the electromagnet dynamics can
be ignored in the control design and analysis since the
electrical dynamics is much faster than the magnetic
microparticle model dynamics. The time constant of
the electromagnets is obtained as 7. = L;/R; ~0.005s,
which is almost 20 times faster than the overall system
dynamics.

Controller designs

In this section, linear and nonlinear feedback control
systems are designed for accurate and rapid control
responses.

Linear controller design

Since the system input is nonlinear, the first action may
include linearization of the input currents via an offset
current variable. As shown in Figure 4, the offset cur-
rent approach can be used to reduce the control vari-
ables into one and then a linear controller can be
designed to stabilize the magnetic micromanipulator
system.

By considering equation (9), an offset variable /, and
two control variables /.1, /., can be defined such that
the actual control currents become

Iy + 1. Iy —1.
I - o2 Ly, - 02 1
(13)
It (S ) I -1
3 7 s >

Substituting equation (13) into equation (9), the
magnetic forces become

(14)

If I, is defined as a fixed variable and I,/ are
defined to be regulating variables, the magnetic force

Fix = kfmIOIrla me = kfmIOICZ
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can be practically implemented. For desired magnetic
force variables, F,. and F,,, the control currents can be
written as

_ (I + F/ (ko)) I = (1o = Fre/ (kgindo))

1 5
2 2
o+ Eufl)) | (lo— Fo )
3 2 9 4 2

(15)

By putting equation (15) into equation (3), the
microparticle dynamics turns out to be

mx + px = F + Fy

L. (16)
my + py = F,, + Fq

Equation (16) shows that the closed-loop system
dynamics are now linear, and the new control variables
are the desired magnetic force variables, F., and Fj,.
While various linear control forms can be considered
for equation (16), since it is an integrating process, a
basic proportional control law can be designed to stabi-
lize the system dynamics

Fx = kpx(xr - x)) Fm =

(17)

where k,, k,, are the proportional control gains, x;, y,
are the fixed position references and x, y are the posi-
tion measurements. By putting equation (16) into equa-
tion (17) and taking Laplace transform, the following
transfer functions can be obtained

kpy()/r -)

1

ms? + ps + kpx
1

ms*> + ps + kpy

X(s) = [kpx X, (5) + Fu(s)]

(18)
Y(s) = [y Yi(s) + Fu(s)]

From equation (18), it is clear that the closed-loop sys-
tem is stable if k., k,, > 0. The linear controller design
requires selection of three parameters, control gains
kpx, kp, and offset variable /. The offset variable is an
offset current that should be chosen with care not to
reach magnetic saturation.

Nonlinear controller design

The goal is to design a suitable nonlinear state feedback
controller that guarantees an asymptotically stable ref-
erence tracking performance. While the linear control-
ler with offset current offers a simple controller, the

xr] i System Fq4 [~
Ir € | Nonlinear li “ Magnetic En Particle [y]
+ Controller i"| Actuators Dynamics ||

Image Processing
Based Measurement

Figure 5. Block diagram of the proposed nonlinear control
system.

nonlinear controller can be designed to improve control
performance and to offer an alternative approach. The
structure of the controlled system is illustrated in
Figure 5. An integral backstepping-based controller is
designed to control the magnetic force by stabilizing
the current inputs, and thus, it can control the magnetic
microparticle effectively.

Using equations (3) and (9), the model of magnetic
micromanipulator system can be written as

X] = X2
S 2_p
miy = —px; + k(I3 — B) + Fy (19)
Y1 = 2
my, = —py» + kfm (]% — 1%) + Fy
As stated Dbefore, the electrical dynamics,

G(s) = K, /(1,s + 1) (with 7, = L;/R;~0.005s), are
stable and much faster than the microparticle
dynamics, so the possible dynamical influence of the
electromagnet dynamics on the system performance
can be neglected.

Lemma |. For the system equation (19), define a
controller
PR = ke (ur) P = kepy(ur)
1 > 42
Kfin Kjin (20)
o kebs) o keb(n)
3 ) 4
kfm kﬁn

where k.>0, the functions ¢,,¢, =0 and ¢3,¢,=0
are selected to satisfy ¢;(u;) — ¢do(u;) = u; and
bs(up) — dy(ur) = up for all wy,ur, where uj,up are
defined by equation (28). Then, the operating point
(x,, y,) of the closed-loop system is stable.

Proof. Assume that x, and y, are fixed references, then
define

el =X — X, = ¢ =X =X

. L (21)
=Y —)Yr=>€ =) =N

If x, and y, are viewed as the input stabilizing é¢; and
é3, then we can select x, = — kje; and y, = — kpes.
Since x; and y, are not inputs, define

ey =xy +kiey, es = ¥+ koes (22)
From derivative of e;, we get
éz = XQ + klél
S b G R PP (23)
=u + kié; — pxy/m + Fy/m
and similarly, from derivative of ¢4, we get
ey = )'/2 + koés
—pyy + k(I3 — B) + F,
- [—py2 + k(55 - 13) 1 + kyés (24)

m
=uy + kyés —pyz/m + Fd/m
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where u; and u, represent the auxiliary nonlinear con-
trol terms to be defined subsequently. Now, the model
is transformed into the following error dynamics

él =€) — klel
e = u + k1é; 7p€.1/m+Fd/m (25)
é3 = €4 — k283

é4 = Uy + k2é3 —pég/m + Fd/m
Here, define a positive definite Lyapunov function as

V=105 + el + e} +e3) (26)

Then, the time derivative of equation (26) is

V =-e1e1 + exer + e363 + e4é4
=ei(ex — kier) + ex(uy + kiéy — pxy/m + Fy/m)
+ 63(64 - k2€3) + 64(142 + kpéz — pé3/m + F(]/m)

(27)

Choose

kin (P — I3
u = 71 ( ! 2) = — (1 + klp/m + k%)el

ki (2~ I 28)
U = fmjn74 = — (1 + kzp/m + k§)€3
Then, we have
V= — kle% - (p/l’}’l — k])e% + ede/m - kz@%

—(p/m — ky)é3 + esFy/m (29)

where F; is defined by white noise with zero mean
(E{F;} = 0), so its effect on the stability analysis is
negligible, and if we define 0 <k; =k, =k <p/m,
then

V<0 (30)

Steady-state

vaiues

Position, y (u

25 30 35 40 45 50 55
Position, x (uzm)

Figure 6. The phase-plane portrait of the system trajectories
(x vs y) for step reference variations. The corners are the
steady-state reference coordinates.

Hence, the controlled system has an asymptotically
stable equilibrium point. This result is obtained by
letting

kc[d)l(ul) - (152(”1)]

L-L= -

" (31)
2 P kel () — dy(u)]
L-FL .

where k. >0, the functions ¢, ¢,, ;and ¢, must be
selected suitably to satisfy ¢,(u1) — ¢,(u1) = u; and
¢3(u2) — py(up) = up for all w; and u,. To have a
smooth (differentiable) controller, a suitable choice
can be

i) = 0.5 + /it )
ba (1) = 0.5(_u1 + \/ﬁ)

b5(up) = O.S(uz +\Ju3 + 8) ,

ba(up) = 0.5(—142 +y\/ui + 8) (32)
where ¢ is a small positive number and
= — (1 +kip/m+ ki)e
uj ( IP/ ;) 1 (33>
U = — (1 F kgp/m + k2)€3

where k =k, =k, is a suitable control gain and
0 <k < p/m. The control gain can be selected as
k = kom/p such that since p > m' for the microparti-
cles in the range of 1-10 wm diameter, one can simplify
equation (33) as

u = — (1 +ko)(x1 —x;) , wa= —(1+ko)(yi —»)
(34)

where kg is a positive real number. Taking together, the
proposed nonlinear controller is composed of equations
(31), (32) and (34).

Experimental control results

In practical experiments, many elements, such as mag-
netic saturation, fluid viscosity, position of the electro-
magnets, background noise of the captured images and
distance between microparticle and pole tips, have
influence on the control performance. The laboratory
temperature is kept around 21 °C, and the electromag-
net material temperature is limited with 35°C during
studies. First, from the experimental data, a model vali-
dation test is performed and the model variables are
determined  as  kp, = 2.41 X 10"3 N/A? and
p=2.1X10""Ns/m. Then, the control experiments
are performed using the linear and nonlinear control-
lers. The experimental results of the linear controller
are given in Figures 6—12. Since the characteristic equa-
tion is ms*> + ps + k, = 0 in equation (18), and since
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p > m, the dominant pole of the closed-loop system
under linear controller can be found approximately as
—kpy/p. This means that for a desired settling time
74=0.25s, the control gain is found to be
kpx = kyy, = p/74= 0.8 X 107N/m. The control cur-
rents are restricted around 1 A to eliminate the mag-
netic saturation of the core materials. The current
restriction results in about 25 pN magnetic force gener-
ation on the magnetic microparticle and 5um/s particle

velocity around the center of the workspace. Figure 6
shows the phase portrait of the system states x; and y;.
The corners of the square shape are the constant refer-
ence values (i.e. (50, 30), (50, 50), (30, 50) and (30, 30)
are the reference coordinates (in pm)). Figure 7 illus-
trates the time responses of the linear controllers. The
controlled system settles around 1s as expected due to
the design requirements and does not exhibit an over-
shoot. It is clear from Figures 6 and 7 that the system
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Figure 10. The phase-plane portrait of the system trajectories
for sinusoidal (time-varying) reference signals.

trajectories follow the references satisfactorily, and dur-
ing steady state, the error stays around zero. Because
of the effects of the Brownian noise force and measure-
ment error, around =0.25 wm, fluctuations on the
position signals are observed. Figure 8 displays the con-
trol currents. The currents reach the maximum values
during the step reference variations from one set value
to another, but at steady-state conditions, the currents
have values around 0.5A. One can notice that step
changes on the reference signals causes small tracking
errors around *=0.5um. This occurs because the inter-
actions between the magnetic fields of the

electromagnets result in a slight movement of the elec-
tromagnets. This effect can be reduced by fixing the
electromagnets around the workspace. Figures 9-12
display the performance of the linear controller under
time-varying (sinusoidal) reference inputs, and again
robust tracking results are seen.

The experimental results of the nonlinear controller
are provided in Figures 13—15. Since the characteristic
equation of the closed-loop system under nonlinear
controller is ms*> + ps + k.(1 + ko) = 0 when substitut-
ing equation (20) into equation (19), and since p > m,
the dominant pole of the closed-loop system can be
found approximately as —k (1 + ko)/p. This means that
for a desired settling time 7, = 0.25s, the control gain is
found to be k.(1 + ko) = p/74 = 0.8 X 107® N/m. The
nonlinear control gains are selected as ko = 0.15,
k. =0.7X107% and ¢ = 0.25 to have a steady-state cur-
rent value of 0.5 A. Figure 13 shows the phase portrait
of the system states x; and y;. The corners of the square
shape, (50, 30), (50, 50), (30, 50) and (30, 30) in wm, are
the constant reference values. Figure 14 shows the time
response of the nonlinear controller, which provides a
non-overshoot transient response with a settling time of
1 s and zero steady-state error. The thermal noise force
and measurement noise causes around *0.2um fluctua-
tions on the position signals. Again, during the step
changes on the reference signals an additional small
tracking errors around *0.4pum occurs because of the
interactions between the magnetic fields of the electro-
magnets. The control currents have values around 0.5 A
at steady-state conditions as seen in Figure 15. The con-
trol current never reaches zero. Compared with the
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55 ' . . linear controller (e.g. comparison between Figures 8
and 15), the nonlinear controller provides smoother cur-

50 | rent control and position signals.
Even though the reference signals are considered as
B a5t | constant during the design of nonlinear controller, the
\E robust performance of the controller is also tested
<40t Steady-state 1 under time-varying reference values. Figures 16-19 are
2 varues provided to assess the performance of the nonlinear
835t 1 control under sinusoidal references. The proposed non-
o reference linear controller is capable of tracking the time-varying
30 | 1 reference values with a very small tracking error as seen
in Figure 19. Nonlinear controller has *2 pm error

25 : : : while linear controller gives £2.5 pum error, so we might
25 30 35 » 40 45 50 55 say that it is slightly better than the linear controller. In
Position, x (um) addition, the control currents of the nonlinear control-
ler are smoother than the linear controller (e.g. compar-

Figure 13. The phase-plane portrait of the system trajectories g P

) . ison between Figures 11 and 18). These time-varying
for step reference signals under nonlinear control. The corners tracki Its sh th tisfvi f d
represent the steady-state values. racking results show the satistying performance an
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robustness feature of the proposed nonlinear controller,
since it tracks time-varying signals while it is designed
for constant references.

Conclusion

In this work, we reported the design, analysis and
control of a multipole magnetic micromanipulator for
manipulating magnetic microparticles in the range
of 1-10pm in aqueous solution. The magnetic
micromanipulator systems have nonlinear dynamics,
stability issues and modeling difficulties, which poses
control challenges. A current-to-force model for the
micromanipulator is derived for controlling purposes.
Linear and nonlinear controllers have been proposed
as alternative solutions to effectively manipulate a sin-
gle microparticle. A linear controller is designed using
offset current approach, which effectively linearizes the
input nonlinearities of the system. A nonlinear
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Figure 18. The time responses of nonlinear control current inputs for sinusoidal references.
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Figure 19. The time responses of tracking errors for nonlinear controller under time-varying sinusoidal references.



Boyiik et al.

13

controller is also proposed and implemented in this
work to smooth the control signals and to improve the
control performance. It is demonstrated that the pre-
sented controllers ensure global stability of the mag-
netic micromanipulator system in the workspace limits,
and the robustness of the controllers are illustrated
through experimental studies. The feedback position
signals are acquired from the image-based particle rec-
ognition and tracking algorithm to use in feedback
controllers. The experimental results of this study show
that the controlled magnetic micromanipulator is able
to control the magnetic microparticles in a wide range
of working space with less than 1s settling time, non-
overshoot response and zero steady-state error. With
limited current sources to 1A, about 25 pN magnetic
force is generated on the 4.5pum diameter magnetic
microparticle that is Smm away from the electromag-
net core tips (i.e. at the center of workspace), and the
particle is moved with a velocity of Smm/s at the work-
space center. The developed, fully automatic controlled
micromanipulator can be utilized in single cell or
microparticle manipulation—based applications.
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