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Abstract— We use a cluster of paramagnetic microparticles to
carry out a wireless two-dimensional microassembly operation.
A magnetic-based manipulation system is used to control the
motion of the cluster under the influence of the applied magnetic
fields. Wireless motion control of the cluster is implemented at
an average velocity and maximum position tracking error of
144 µm/s and 50 µm, respectively. This control is used to achieve
point-to-point positioning of the cluster, manipulation of mi-
croobjects, and assembly of microobjects into a microstructure.
The control system achieves stable positioning of the cluster,
while simultaneously compensating for the planar drag forces
on the cluster and the microobject. The presented magnetic-
based microassembly technique allows for the selective pushing
and pulling of microobjects with specific geometries towards
their destinations inside a microstructure in an execution time
of 18 s, within a workspace of 1.8 mm × 2.4 mm.

I. INTRODUCTION

The continuous demand for miniaturization motivated the

development of new microassembly and micromanipulation

techniques [1]-[8]. Some of these techniques depend on the

wireless power transmission to guide and/or steer magnetic

objects such as microorganisms, microrobots or microparti-

cles. These magnetic entities can then be utilized to push and

pull microobjects to accomplish microassembly operations.

Microassembly using a swarm of magnetotactic bacteria was

realized by Martel et al. [9], where a directional magnetic

field was generated to control a swarm of magnetotactic

bacteria by applying magnetic torque on the magnetite nano-

crystals of the bacteria. A layer of motile bacteria, i.e., Ser-

ratia marcescene, were integrated with a microstructure, and

controlled by the self-propulsion and DC electric fields using

a vision feedback control system [10]. The aforementioned

techniques benefit from the self-propulsion generated by the

flagella bundles or cilia to provide thrust force during the

manipulation of microobjects. The maximum thrust force

generated by either the flagella bundle or the cilia is in the

range of pico-Newton [11], [12].

In order to provide greater thrust forces than the propulsion

forces of the magnetic microorganisms, we use a cluster of

paramagnetic microparticles to steer and orient microobjects.

Such cluster, has an oriented magnetic dipole moment only

under an external magnetic field [13]. This magnetic dipole

moment allows us to control the position and the orientation

of the cluster under the influence of magnetic fields to

accomplish microassembly operations, as shown in Fig. 1.
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Fig. 1. Assembly of a microobject to a microstructure using a cluster of
microparticles. The controlled cluster selectively positions the microobject
inside a microstructure. Motion of the cluster is controlled under the
influence of the external magnetic fields generated by the magnetic-based
manipulation system, provided in the inset. The cluster of microparticles,
microobject and microstructure are immersed in water within a reservoir.
The blue (light) circle is assigned by our feature tracking software [14],
whereas the small blue circle indicates a reference position. The red line
represents the velocity vector of the cluster. The black and blue arrows
indicate the reference position and the microobject, respectively. The letters
A, B, C and D indicate the electromagnets.

This work addresses the utilization of a cluster of mi-

croparticles to accomplish a two-dimensional microassembly

operation. We utilize a magnetic-based manipulation system

to control the motion of the cluster [14], [15]. The relation

between the number of microparticles within the cluster and

its average linear velocity is experimentally analyzed. This

analysis allows us to choose an optimal number of micropar-

ticles within our cluster. A closed-loop control system is

then designed to allow for the point-to-point positioning of

the cluster along with the simultaneous compensation of the

drag forces on the cluster and the microobject. This control

is used to selectively manipulate and assemble microobjects

to a microstructure.

The remainder of this paper is organized as follows:

In Section II we discuss the modeling and the closed-

loop control of a cluster of microparticles. In Section III,

we provide descriptions for our experimental setup, i.e., a

magnetic-based manipulation system, and the fabrication

steps of the microobjects and the microstructure utilized

in the microassembly operation. Section IV provides our

experimental results which includes point-to-point motion

control of the cluster, micromanipulation of microobjects and
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a microassembly operation. Finally, Section V concludes and

provides directions for future work.

II. MODELING AND CONTROL

A cluster of microparticles experiences a resultant mag-

netic force and torque upon the application of a magnetic

field. The magnetic force and torque must overcome the

drag force and torque, respectively, during the motion of the

cluster in a fluid. We control the magnetic force to execute

microassembly operations using the cluster.

A. Modeling of a Cluster of Microparticles

The magnetic force experienced by a cluster of micropar-

ticles is given by

F(P) = ∇(m(P) ·B(P)), (1)

where F(P) ∈ R3×1 is the magnetic force. Further, m(P) ∈
R3×1 and B(P) ∈ R3×1 are the induced magnetic dipole

moment of the cluster and the magnetic field at point (P ∈

R3×1), respectively. The cluster also experiences a magnetic

torque given by

T(P) = m(P)×B(P). (2)

In (2), T (P) ∈ R3×1 is the magnetic torque. The cluster

moves in a fluid. Therefore, it experiences the following

drag force:

Fdc(Ṗ) = ̥cηṖ, (3)

where Fdc(Ṗ) ∈ R3×1 is the drag force on the cluster.

Further, ̥c and η are the shape factor of the cluster and the

dynamic viscosity of the fluid, respectively. The microobject

also experiences a drag force given by

Fdo(Ṗ) = ̥oηṖ. (4)

In (4), Fdo(Ṗ) ∈ R3×1 is the drag force on the microobject,

and ̥o is the shape factor of the microobject. We assume

that the microobject has the same velocity as the cluster. Our

objective is to use the cluster to steer microobjects towards

specific positions within a microstructure. Therefore, the

magnetic force must overcome the drag forces experienced

by both the cluster and the microobject.

B. Closed-Loop Control

The motion of the cluster is governed by the following

equation of motion:

F(P)− Fdc(Ṗ)− Fdo(Ṗ) = MP̈, (5)

where M is the mass of the cluster. In order to allow the

cluster to follow any reference position (Pref) within the

workspace of our magnetic-based manipulation system, we

devise the following controlled magnetic force (Fc(P)):

Fc(P) = F̂d(Ṗ) +Mn

(
P̈ref −Kdė−Kpe

)
. (6)

In (6), Kp and Kd are the controller positive-definite gain

matrices, and are given by

Kp =

[
kp1 0

0 kp2

]
and Kd =

[
kd1 0

0 kd2

]
, (7)

Fig. 2. Drag force observer [16]-[18]: Drag forces on the cluster of

microparticles (Fdc(Ṗ)) and microobject (Fdo(Ṗ)) are estimated using

the applied current (I) to each of the electromagnets, and the velocity (Ṗ)
of the cluster. The estimated drag forces (F̂dc(Ṗ) and F̂do(Ṗ)) are used
by the control law (6) to compensate for the drag forces. M and Mn are
the mass of the cluster and its nominal value, respectively. Further, g is a
positive gain of the low-pass filter associated with the drag force observer.
β is a magnetic constant, and βn represents its nominal value.

where kpi and kdi, for (i = 1, 2), are the proportional and

derivative gains, respectively. Further, in (6), F̂d(Ṗ) is the

estimated drag force, and is given by

F̂d(Ṗ) , F̂dc(Ṗ) + F̂do(Ṗ), (8)

where F̂dc(Ṗ) and F̂do(Ṗ) are the estimated drag forces on

the cluster and the microobject, respectively. Moreover, Mn

is the nominal mass of the cluster. The drag force is estimated

using the following drag force observer [16]-[18]:

F̂d(P) =
g

s+ g

[
F(P) + gMnṖ

]
− gMnṖ. (9)

In (9), g is a positive gain of the low-pass filter associated

with the drag force observer, shown in Fig. 2. In the

realization of the drag force observer (9), the magnetic force

is explicitly represented by the current vector (I) using

F(P) = β∇
(
I
T
B̃

T(P)B̃(P)I
)
, (10)

where B̃(P) ∈ R3×e is a matrix which depends on the

position at which the magnetic field is evaluated. This matrix

maps the input current onto magnetic field by [8], [19]

B(P) =
e∑

i=1

Bi(P) =
e∑

i=1

B̃i(P)Ii = B̃(P)I. (11)

In (10), β is a magnetic constant, and is given by [15]

β ,
4n

3

1

µ
πr3pχm, (12)

where χm and µ are the magnetic susceptibility constant

and the permeability coefficient, respectively [20]. Moreover,

rp and n are the average radius of the spherical micropar-

ticle and the number of microparticles within the cluster,

respectively. In (11), e is the number of electromagnets

within our magnetic-based manipulation system. Further,
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Fig. 3. Fabrication steps of the microobjects: (a) Spin coating of SU-8
(MicroChem Corp., Newton, USA) on a silicon wafer. (b) Transferring the
patterns of the microobjects to the SU-8 layer after pre-bake and ultraviolet-
exposure. (c) Realization of the microobjects after post-exposure bake and
developing the unexposed SU-8 layer. (d) Microobjects are released by
etching the silicon wafer.

Bi(P) represents the magnetic field generated by the ith

electromagnet, and Ii denotes its applied current. The drag

force observer estimates the drag forces on the cluster and

the microobject using the nominal model of the magnetic

system, the input current (I) and velocity (Ṗ) of the cluster

(the nominal parameters are indicated by the subscript n).

The exact models of the drag forces (3) and (4) do not have

to be known during the estimation of these forces using (9).

The position (e) and velocity (ė) tracking errors of the

cluster are given by

e = P−Pref and ė = Ṗ− Ṗref , (13)

where Pref and Ṗref are the reference position and velocity,

respectively. Substitution of the controlled magnetic force (6)

in (5) yields the following tracking error dynamics:

ë+Kdė+Kpe = 0. (14)

Therefore, the desired magnetic force allows the cluster to

follow a reference position, while simultaneously compensat-

ing for the two-dimensional drag forces on the cluster and

the microobject.

III. EXPERIMENTAL SETUP

Our experimental work is carried out on a magnetic-based

manipulation system to control the motion of the cluster. We

fabricate microobjects and a microstructure to investigate ex-

perimentally our magnetic-based microassembly technique.

A. Magnetic-Based Manipulation System

A cluster of paramagnetic microparticles (PLAParticles-

M-redF-plain from Micromod Partikeltechnologie GmbH,

Rostock-Warnemuende, Germany) with an average diameter

of 100 µm is immersed inside a water reservoir. This reser-

voir is surrounded by an orthogonal array of four electromag-

nets. The array of electromagnets generates a magnetic field

and gradient of the magnetic field squared in excess of 15 mT

Fig. 4. Average velocity of the cluster versus the number of microparticles
in the cluster. Each average velocity is calculated from 5 motion control
trials. Electromagnet A (provided by the inset at bottom right corner) is used
to pull the cluster by the field gradients. These gradients are generated by
applying 1 A to electromagnet A. The velocity is proportional to the number
of microparticles within the cluster, then the velocity approximately reaches
to an asymptote at an average velocity of 140 µm/s, and 20 microparticles
per cluster. Inset 1 and 2 show two clusters of 12 and 19 microparticles,
respectively. Paramagnetic microparticles with average diameter of 100 µm
are used in this experiment (PLAParticles-M-redF-plain from Micromod
Partikeltechnologie GmbH, Rostock-Warnemuende, Germany).

and 5 mT2/m, respectively. Such magnetic field and gradient

allow the cluster of microparticles to overcome the rotational

and linear drag forces, respectively. Position of the cluster

is tracked by a microscopic system and a feature tracking

software. Detailed descriptions of our magnetic system are

provided in [14], [21].

B. Fabrication of Microobjects and Microstructure

In order to carry out microassembly operations using

our magnetic-based manipulation system, we fabricate mi-

croobjects and a microstructure using SU-8-50 and SU-8-

100, respectively (MicroChem Corp., Newton, USA). A sil-

icon wafer with <100> crystal orientation is spin coated

with a layer of SU-8-50 (Fig. 3(a)). The thickness and

diameter of this wafer are 500 µm and 100 µm, respectively.

After, pre-baking the wafer, patterns of the microobjects are

transferred to the SU-8 layer by ultraviolet (UV) exposure

(Fig. 3(b)). The wafer is then post-exposure-baked and the

microobjects are realized by developing the SU-8 layer in

RER600 (ARCH Chemicals, Basel, Switzerland) (Fig. 3(c)).

Mechanical stability of the microobjects is achieved by hard

baking the wafer. Oxygen plasma treatment of the microob-

jects (30 s) is done to make them hydrophilic. Finally,

the microobjects are released by etching the silicon wafer

in a 5 wt% Tetramethylammonium hydroxide solution at

85◦C (Fig. 3(d)). The aforementioned procedures are also

followed during the fabrication of the microstructure, shown

in Fig. 1. However, the microstructure is not released by

etching the silicon wafer. Instead, the silicon wafer is diced

into 11 mm2 chip to hold the microstructure inside the

reservoir of the magnetic system.
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Fig. 5. Motion control of a cluster of microparticles under the influence of the applied magnetic fields at various time (t) instants. The cluster follows two
reference positions indicated by the black and blue arrows in the upper and bottom rows, respectively. The cluster follows these reference positions at a
velocity of 144 µm/s, and maximum position tracking error of 50 µm. This motion control experiment is done using the control law (6). The controller gains
are: kp1 = kp2 = 10 s−2, kd1 = kd2 = 20 s−1, and g = 30 rad/s. The cluster consists of 19 microparticles. Paramagnetic microparticles with average
diameter of 100 µm are used in this experiment (PLAParticles-M-redF-plain from Micromod Partikeltechnologie GmbH, Rostock-Warnemuende, Germany).
The large blue (light) circle is assigned by our feature tracking software [14], whereas the small blue circles indicate the reference positions. The red (light)
line represents the velocity vector of the cluster. Please refer to the attached video that demonstrates the results of the point-to-point control of the cluster.

IV. EXPERIMENTAL RESULTS

Our experimental work includes point-to-point motion

control of the cluster, micromanipulation of microobjects by

pushing or pulling, and microassembly of a microobject to

the microstructure. In order to carry out the aforementioned

experiments, we experimentally investigate the relation be-

tween the number of microparticles within the cluster and the

average linear velocity of the cluster. The experimental pa-

rameters and gains of the control system utilized throughout

our experimental work are provided in Table I.

A. Cluster of Microparticles

The magnetic force is linearly proportional to the volume

and the number of microparticles within the cluster, as well

as the gradient of the magnetic field squared (10). Increasing

the volume or the number of microparticles in the cluster, to

overcome the drag forces (3) and (4), limits the workspace of

our magnetic system, i.e., 1.8 mm × 2.4 mm. Therefore, we

analyze the effect of the number of microparticles within the

cluster on its linear velocity. This analysis is done by pulling

the cluster by the field gradients, and measuring the linear

velocity of the cluster for different number of microparticles.

TABLE I

EXPERIMENTAL PARAMETERS AND CONTROLLER GAINS. THE

CONTROLLER GAINS ARE SELECTED SUCH THAT THE MATRICES KP

AND Kd ARE POSITIVE DEFINITE.

Parameter Value Parameter Value

max Ii [A] 1.0 max |B(P)| [mT] 15
rp [µm] 50 Mn [kg] 7.33×10−10

n ∼20 χm 0.17± 0.007
η [mPa.s] 1 g [rad/s] 30
kp1,p2 [ s−2] 10 kd1,d2 [ s−1] 20

We vary the number of microparticles per cluster from 1 mi-

croparticle to 55 microparticles. Each cluster is controlled

five times and the average velocity is calculated, as shown

in Fig. 4. The anisotropy of our workspace is considered

in this experiment, and therefore all motion control trials

are done along the x-axis of our magnetic system (Fig. 1).

We observe that the linear velocity of the cluster increases

linearly by increasing the number of microparticles, then the

velocity approximately reaches to an asymptote at 140 µm/s

for 20 microparticles per cluster. This analysis allows us to

choose 20 microparticles per cluster, since the velocity does

not increase by incorporating more particles.

B. Point-to-Point Motion Control

The control law (6) is used to realize the point-to-point

motion control of the cluster of microparticles. Fig. 5 pro-

vides the motion control result of the cluster. Two reference

positions are tracked at an average velocity of 144 µm/s,

and with maximum position tracking error of 50 µm.

This experiment demonstrates the ability of our magnetic-

based manipulation system to position the cluster within

our workspace. In addition, this experiment shows that the

generated gradients by our magnetic system indeed overcome

the drag forces on the cluster.

C. Micromanipulation of Microobjects

Micromanipulation is done by pushing and pulling the

microobjects. We utilize our cluster to push the microobject

towards the two reference positions provided in Fig. 6. In

this experiment, a cluster of microparticles of 100 µm in

diameter, is used to steer a triangular microobject with edge

length of 190 µm. This experimental result demonstrates

that the generated gradients overcome the drag forces on

the cluster and the microobject. We observe that the average

velocity and maximum position tracking error are 204 µm/s

and 75 µm, respectively.
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Fig. 6. Micromanipulation of a triangular microobject towards two reference positions using a cluster of microparticles at various time (t) instants. The
cluster pushes the microobject under the influence of the controlled magnetic fields generated by the control law (6). In this micromanipulation experiment,
the velocity of the cluster is 204 µm/s, and maximum position tracking error of 75 µm is accomplished (error between the reference position and the
center of mass of the microobject). The controller gains are: kp1 = kp2 = 10 s−2, kd1 = kd2 = 20 s−1, and g = 30 rad/s. The large blue (light) circle
is assigned by our feature tracking software [14], whereas the small blue circle indicates the reference position. The red (light) line represents the velocity
vector of the cluster of microparticles. The black arrows indicate the first and second reference positions in the top and bottom rows, respectively. The
blue arrows indicate the microobject. The cluster consists of 23 microparticles. Paramagnetic microparticles with average diameter of 100 µm are used in
this experiment (PLAParticles-M-redF-plain from Micromod Partikeltechnologie GmbH, Rostock-Warnemuende, Germany). Please refer to the attached

video that demonstrates the results of the magnetic-based micromanipulation of the triangular microobject using a cluster of microparticles.

D. Microassembly of Microstructure and Microobjects

The cluster of microparticles is used to selectively assem-

ble a triangular microobject to a specific destination in the

microstructure, as shown in Fig. 7. The triangular object

has an edge length of 190 µm. Using the control law (6),

the cluster positions the triangular object to its destination

in 18 s. We assign fixed reference positions within the

workspace of our magnetic-based manipulation system to

pull and push the triangular microobject towards the correct

destination of the microstructure. First, the cluster is used

to pull the triangular microobject out of the rectangular

destination within the microstructure (first and second frames

of the top row of Fig. 7). The cluster is then used to push

the triangular microobject towards the triangular destination

within the microstructure (last two frames of the top row of

Fig. 7). As shown in the first two frames of the bottom row of

Fig. 7, the cluster pushes the microobject inside the triangular

destination. The last two frames of the bottom row of Fig. 7

indicate that the cluster is moving away from the microobject

after the execution of the microassembly operation. Please

refer to the attached video that demonstrates the results of the

magnetic-based microassembly using a cluster of micropar-

ticles.

V. CONCLUSIONS AND FUTURE WORK

In this paper, we investigate the feasibility of utilizing

magnetic-based manipulation systems to accomplish micro-

manipulation and microassembly operations. A cluster of

microparticles is used to manipulate and assemble microob-

jects to a microstructure. First, we experimentally investigate

the relation between the number of microparticles and the

linear velocity of the cluster. This analysis allows us to

choose ∼20 microparticles during the micromanipulation and

the microassembly operations. Second, we devise a control

system to compensate for the drag forces on the cluster

and the microobjects, while achieving stable tracking error

dynamics. This control system allows us to achieve point-

to-point positioning of the cluster at an average velocity of

144 µm/s, and maximum position tracking error of 50 µm.

In addition, the control system allows for the manipulation

of microobjects at an average velocity and maximum po-

sition tracking error of 204 µm/s and 75 µm, respectively.

Finally, this control system is used to selectively assemble a

microobject to a microstructure. The execution time of this

microassembly operation is 18 s.

Future work in the field of magnetic-based microassembly

using a cluster of microparticles should include the control

of the cluster in the three-dimensional space. Therefore,

our magnetic-based manipulation system will be redesigned

to provide auto-focusing. In addition, our magnetic system

will be automated to decrease the execution time of the

microassembly operations, hence increasing the efficiency of

the magnetic-based microassembly technique.
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