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ABSTRACT: In this research, a method is proposed to realise directional control of a miniaturized tri-axial
electromagnetic coil using a static nonuniform unidirectional magnetic field. A mapping was composed for a
relation between the desired torque and corresponding current. Using this torque-current mapping, different
magnetic field configurations were evaluated. A uniform magnetic field lacks magnetic gradient, resulting in
non-invertible controllability of the tri-axial coil because the controllability matrix is not full-rank. Therefore,
a nonuniform magnetic field is required to enable for the inverse mapping and determination of the current
based on the desired torque. To simplify implementation of the tri-axial coil in the medical world, a magnetic
field generated by a Magnetic Resonance Imaging (MRI) system could be used. MRI systems can generate
nonuniform unidirectional. Three different nonuniform field configurations were compared: nonuniform unidi-
rectional fields that contained only x-gradient, nonuniform unidirectional fields that contained x- and y-gradient,
and nonuniform unidirectional fields that contained x-, y- and z-gradient. The optimal field configuration was
found to be a strong nonuniform unidirectional magnetic field that contained only x-gradient. However, dif-
ferences in performance were relatively small and the results showed that all three field configurations show a
well-conditioned mapping with current outputs that are within the desired bounds. Therefore, it is concluded that
MRI systems can be used to generate strong nonuniform unidirectional magnetic fields for directional control
of a miniature tri-axial electromagnetic coil.
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1 INTRODUCTION

Microrobots are small tetherless devices that have

the potential to perform, improve and introduce

new minimally invasive techniques inside the human

body. The introduction of microrobots would improve

healthcare by reducing recovery time, decreasing the

need for sedation, and minimising discomfort expe-

rienced by patients [1]. Examples of medical ap-

plications that microrobots can perform are targeted

drug delivery and therapy, biopsy sampling and en-

doscopic research [2, 3]. Additionally, microrobots

are preferable over tethered instruments since they

can reach locations inaccessible by tethered instru-

ments in vivo. In the medical world, microrobots are

currently used for wireless capsule endoscopy, where

the movement of the capsule is mainly passive [4].

This passive movement is realised by natural bowel

peristalsis. With this procedure it is possible that an

incomplete visualisation of the colons occurs, after

which the procedure must be repeated [5, 6]. Reliable

control on the orientation of the capsule makes visual-

isation more efficient and eventually enlarges the ap-

plications of microrobots in the medical world.

Fig. 1: Schematic overview of a miniaturised tri-axial elec-

tromagnetic coil for directional control in a medium with

viscosity η. The magnetic dipole moment m generated by

the tri-axial electromagnetic coils (defined inRm), tends to

align with external static magnetic field B (defined inR0).

Methods for control of microrobot’s motion have been

widely researched in the past decade. A first method

uses internal driving for translating the microrobot’s

body. However, the small size of microrobots puts

a constraint on the power supply, limiting the gen-

erated driving force [1, 4]. A second method of re-
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alising directional and translational control of micro-

robots makes use of external magnetic fields gener-

ated by permanent magnets or electromagnets. Mag-

netic force realises translation and magnetic torque re-

alises a change in orientation of the microrobot’s body

[7].

There is broad spectrum of former studies done re-

garding wireless control of microrobots using external

magnetic fields. A research performed by Kummer

et al. [8] proposed a design of the OctoMag. This

design consists of eight external coils that generate a

highly nonuniform magnetic field. With this magnetic

field, 5 degrees of freedom (DOF), of which 3DOF

translational and 2DOF directional, control of a mi-

crorobotic agent was realised. Multiple other work, a

handful of which performed by [9][10], also realised

5DOF control of a microrobot using similar electro-

magnetic designs as the OctoMag. Initially, 3DOF

translational control was proposed [11] and realised

using Helmholtz coils [12], some in combination with

Maxwell coils [13, 14, 15], and saddle coils [16, 17].

All of these magnetic field generating designs con-

sisted of at least one rotating coil pair, therefore us-

ing dynamic magnetic fields for control of the mi-

crorobot. More recent studies performed 5DOF con-

trol using Helmholtz coils [18] in combination with

Maxwell coils [19], also making use of a dynamic ex-

ternal magnetic field.

The limiting factor on the third directional DOF of

the above studies is that no driving torque can be gen-

erated around the magnetisation axis of the micro-

robot. Recent studies propose new designs of the mi-

crorobotic body itself that make this 6th DOF possi-

ble, using external magnetic field sources similar to

the OctoMag. Diller et al. [20] proposed a nonuni-

form magnetisation profile within the microrobotic

body using permanent magnets, resulting in 6DOF

actuation. Giltinan et al. [21] presented open loop

control of a single-body microrobot with magnetic

shape anisotropy, resulting in magnetisation compo-

nents which are used to generate torque around its

three axes. A last study of Petruska [22] showed that

6DOF control is possible for objects with magnetic

susceptibility tensors with unique eigenvalues.

The before mentioned studies used dynamic and com-

plex external magnetic fields generated by external

coil configuration with limited workspace. Static

fields can be generated by Magnetic Resonance Imag-

ing (MRI) devices, which have larger workspace and

are already present in hospitals for imaging purposes.

MRI systems have the capability of generating uni-

form and nonuniform magnetic fields [7]. Using

such magnetic fields for control of microrobots would

make integration of microrobots for medical applica-

tions more appealing since no new field generating de-

vices have to be purchased.

This paper introduces 3DOF directional control us-

ing a static magnetic field. Prior work done by Har-

bers et al. [23] proposed a method for controlling

a tri-axial electromagnetic coil embedded in a mi-

crorobotic body. A schematic image of this design

is shown in Fig. 1. By running electrical current

through one or multiple of the tri-axial coil, a net

magnetic dipole moment is generated. This magnetic

dipole moment tends to align with the external mag-

netic field, resulting in a change of the microrobot’s

orientation.

The research question that will be answered in this pa-

per is: What is the optimal static magnetic field con-

figuration for directional control of a tri-axial electro-

magnetic coil? An analysis will be performed on the

performance of a tri-axial electromagnetic coil in dif-

ferent magnetic field configurations.

2 METHODS

The proposed method for directional control of a

miniature robot consists of a tri-axial electromagnetic

coil system embedded in a spherical body. The minia-

ture robot is exerted to an external static magnetic

field.

2.1 Concept and Kinematics of the Miniature Robot

A schematic overview of the concept for directional

control of the miniature robot is illustrated in Fig.

1. The tri-axial coil generate a controllable magnetic

dipole moment m ∈ R3×1, described in the local ma-

terial frame of reference Rm ∈ R3×1. Rm is rigidly

connected to the axes of the tri-axial coil. The minia-

ture robot is placed in a workspace that is exerted to a

static magnetic field B ∈ R3×1, described in the fixed

global frame of reference R0 ∈ R3×1. The magnetic

field strength is function of the miniature robot’s po-

sition in the workspace. This position p ∈ R3×1 is

defined in R0. Since the magnetic moment tends to

align with the external magnetic field, the miniature

robot will experience a torque τm ∈ R3×1 as illus-

trated in Fig. 2. The miniature robot is located in a

fluid with viscosity η, to replicate a small Reynolds
22



number. Reynolds number is defined as:

Re =
ρvL

η
(1)

where ρ is the fluid density, v is the velocity of the

flow and L is the characteristic length. Equation 1

shows the ratio of the inertia terms to the viscous

terms of a fluid. As microrobots are millimeter to

micrometer sized objects, the inertia term in Re is

very small. Due to this small size of microrobots,

Reynolds number is typically < 10 [24]. Conse-

quently, inertia terms become negligible in the fluid.

The angles that represent a difference in orienta-

tion ofRm andR0 are defined as:

Θ =

⎛
⎝
φ
θ
ψ

⎞
⎠ (2)

where φ, θ and ψ correspond to rotation of the tri-

axial coil around the e1-, e2- and e3-axis, respectively.

In order to representRm inR0, the following rotation

matrices are defined:

Rx =

⎛
⎝
1 0 0
0 cosφ − sinφ
0 sinφ cosφ

⎞
⎠

Ry =

⎛
⎝

cos θ 0 sin θ
0 1 0

− sin θ 0 cos θ

⎞
⎠

Rz =

⎛
⎝
cosψ − sinψ 0
sinψ cosψ 0
0 0 1

⎞
⎠ .

(3)

The order of the rotational matrix multiplications is

based on 3-2-1 Euler intrinsic angels, and is given by:

⎛
⎝
e1
e2
e3

⎞
⎠ = Rz(ψ)Ry(θ)Rx(φ)

⎛
⎝
ex
ey
ez

⎞
⎠ . (4)

This order is used since better control on the roll mo-

tion of the miniature robot can be realised, which is

favorable for additional propulsion generation [23].

Fig. 2: Schematic overview magnetic dipole moment m
generated by one coil. If an angle θ is present between the

direction of m and B, a torque is generated. This torque

aligns the magnetic moment with the external magnetic

field. [23]

2.2 Magnetic Actuation

Magnetic actuation of the tri-axial coils is initiated by

generating a magnetic dipole moment. The magnetic

dipole moment generated by the tri-axial electromag-

netic coils is defined by:

m = NSI (5)

where N is the number of turns, S is the area en-

closed by one coil loop and I ∈ R3×1 is the current

running through the coils. The magnetic torque due

to the magnetic moment and the magnetic field is de-

fined as:

τm =m×B. (6)

In case of a nonuniform magnetic field, the miniature

robot experiences a magnetic force. The force exerted

on the miniature robot is described as:

fm = ∇(B ·m). (7)

The drag force and torque of a spherical body in low

Reynolds number are described by Stokes’ law [24]:

fd = 6πrηV
τd = 8πr3ηΩ

(8)

where r is the radius of the spherical body which con-

tains the tri-axial coil, V ∈ R3×1 and Ω ∈ R3×1

are the linear and angular velocity, respectively. As
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discussed in Section 2.1 low Reynolds number is as-

sumed and therefore the inertia terms are negligible in

the equations of motion, which are defined by:

fd + fm = 0

τd + τm = 0
(9)

where the only components acting on the miniature

robot are the magnetic and drag force and torque.

2.3 Torque-current Mapping

For directional control, a function is required that

maps the desired torque with the corresponding cur-

rent for the tri-axial coil. Equation 6 is rewritten in

skew-symmetric matrix form such that:

τm =m×B
= −B×m
= −Sk(B)m.

(10)

Sk(B) represents the skew-symmetric matrix of B
and is described as:

−Sk(B) =

⎛
⎝

0 Bz −By

−Bz 0 Bx

By −Bx 0

⎞
⎠ . (11)

Writing m as function of τm would require the in-

verse of Sk(B). This is not possible, since the inverse

of a skew-symmetric matrix would go to infinity. In

addition, the tri-axial coil requires control in three di-

rections. Since the rank of Sk(B) equals 2, a mapping

based on only the magnetic torque equation results in

an incomplete control system. Therefore, the mag-

netic force, defined in Equation 7, is considered as

well. The magnetic force is described as:

f = ∇(B ·m)

=
(

∂Bx

∂x
+ ∂By

∂y
+ ∂Bz

∂z

)⎛
⎝
mx

my

mz

⎞
⎠

=

⎛
⎜⎝

∂Bx

∂x
mx +

∂By

∂y
mx +

∂Bz

∂z
mx

∂Bx

∂x
my +

∂By

∂y
my +

∂Bz

∂z
my

∂Bx

∂x
mz +

∂By

∂y
mz +

∂Bz

∂z
mz

⎞
⎟⎠ .

(12)

Merging Equation 10 and 12 gives the combined mag-

netic force-torque vector:

⎛
⎜⎜⎜⎜⎜⎜⎝

fx
fy
fz
τx
τy
τz

⎞
⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

∂
∂x
Bx

∂
∂y
Bx

∂
∂z
Bx

∂
∂x
By

∂
∂y
By

∂
∂z
By

∂
∂x
Bz

∂
∂y
Bz

∂
∂z
Bz

0 Bz −By

−Bz 0 Bx

By −Bx 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎝
mx

my

mz

⎞
⎠

Γ = A(p)m

(13)

where Γ ∈ R6×1 is the force-torque vector, A(p) ∈
R6×3 is the mapping matrix, and m is the magnetic

moment of the tri-axial coil. As magnetic field B is

function p, and the mapping matrix consists solely out

of components of B, mapping matrix A is also con-

sidered to be function of p.

Since A(p) is an asymmetric matrix, its pseudo-

inverse, defined by A†(p) ∈ R3×6, is used to write

m as function of Γ:

m = A†(p)Γ

NSI = A†(p)Γ.
(14)

The pseudo-inverse is formed by the singular value

decomposition of A(p). This singular value decom-

position is defined as A = USVT . U and V are or-

thogonal real or complex matrices, and S is a rect-

angular diagonal matrix that consists of the singular

values of A on the diagonal [8]. The singular values

and can be used to verify the condition of the map-

ping matrix. A measure for the condition of a matrix

is called the condition number. The condition number

shows the sensitivity of the output to a small change

of the input. If this sensitivity is low, the condition

number is also low, resulting in a good conditioned

matrix [25]. The condition number is a function of

the highest and lowest singular value, σmax and σmin

respectively. The condition number CN is defined as

[26]:

CN =
σmax

σmin

(15)

A well-conditioned matrix has a condition number

close to 1. The singular values are defined by com-

ponents of mapping A. Since A consists of magnetic

field parameters that are function of position p, the

condition number depends the position.
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Fig. 3: Block diagram of the tri-axial coil system implemented with full state feedback control.

2.4 Full State Feedback Control

For directional control of the microrobot, a full state

feedback controller will be used. Full state feedback

is based on state-space equations:

ẋ = Ax+Bu

y = Cx+Du
(16)

where u is the input of the system, y is the output of

the system, x is the state vector, A is the system ma-

trix, B is the input matrix, C is the output matrix, and

D is the feed-through matrix. If the input u is chosen

to be a constant K multiplied with state x, such that

u = −Kx, Equation 16 can be written as:

ẋ = Ax−BKx
= (A−BK)x.

(17)

When a system is full rank, stability is realised if the

requirement (A−BK) ≤ 0 is met.

For the tri-axial coils, a desired orientation

Θdes ∈ R3×1 is defined as the system input.

An error e ∈ R3×1 is defined by the difference

between Θ and Θdes. Taking the time derivative of

this error gives the angular velocity:

e = Θdes −Θ
ė = Θ̇ = Ω

(18)

When the desired magnetic torque is set to τm,des =
Kpe, whereKp ∈ R3×1 is a controller gain, the torque

equation of motion from Equation 9 can be written as

a differential equation:

τm,des + τd = 0

Kpe+ 8πr3ηė = 0.
(19)

This differential equation allows full state feedback

control to be applied. Rewriting Equation 19 gives:

ė = − Kp

8πr3η
e. (20)

This equation is written in a similar way as Equation

17. A controller Kp has to be designed such that the

term before e in Equation 20 is smaller or equal to

zero (− Kp

8πr3η
≤ 0), which realises a stable system.

The above described method of control can also be

applied to the force equation of motion. A block dia-

gram of the system with full state feedback control is

shown in Fig. 3.

2.5 Magnetic Field Configuration

A uniform magnetic field configuration has constant

magnitude and direction. A uniform magnetic field

can consist of an x-, y- and z-component, as long as

there is no magnetic gradient present. Due to a lack in

magnetic gradients, mapping A for uniform magnetic

fields consists of only zeros in its first three rows. The

skew-symmetric part remains in the fourth to sixth

row, similar to Equation 10. Therefore the rank of A
for a uniform magnetic field equals 2, which is not

full rank. The condition number of A for a uniform

field would go to infinity for every position in the

workspace, resulting in an ill-conditioned matrix.

Nonuniform magnetic fields contain magnetic gradi-

ents. Similar to uniform magnetic fields, nonuniform

magnetic fields can have an x-, y- and z-component.

Mapping A for nonuniform magnetic fields contain

at least one nonzero element in the first three rows.

Therefore, the mapping for nonuniform magnetic

fields is full rank, making it possible to control the

three directions of the tri-axial coils independently.
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(a) Magnetic field configuration (a), where

Bx �= 0 and ∂Bx

∂x �= 0

(b) Magnetic field configuration (b), where

Bx �= 0, ∂Bx

∂x �= 0 and ∂Bx

∂y �= 0
(c) Magnetic field configuration (b), where

Bx �= 0, ∂Bx

∂x �= 0, ∂Bx

∂y �= 0 and ∂Bx

∂z �= 0

Fig. 4: Three nonuniform unidirectional field configurations that can be generated by MRI systems.

MRI systems are able to generate nonuniform unidi-

rectional magnetic fields, with gradients in x-, y- and

z-direction. This research wants to find out if MRI

systems are usable for directional control of tri-axial

electromagnetic coils. Therefore, three nonuniform

unidirectional magnetic field configurations will be

evaluated: only x-gradient (a), x- and y-gradient

(b), and x- y- and z-gradient (c). The nonuniform

unidirectional magnetic field configurations are

illustrated in Fig. 4.

Nonuniform multidirectional magnetic field have

been shortly reviewed as well. However, these field

types cannot be generated by MRI systems and they

did not show significantly better condition number

than unidirectional fields. Therefore, multidirectional

magnetic fields are not evaluated in this research

3 RESULTS

3.1 Condition Number as Function of Position

The condition number depends on the position p de-

fined in the global frame of reference. The condition

number is plotted over a workspace of 1.5 by 1.5 m for

magnetic field configuration (a), (b) and (c), which is

illustrated in Fig. 6. For this plots, it is assumed that

the magnetic gradients are constant and identical for

x-, y- and z-direction, with a value of 0.04 T/m for.

The condition numbers are plotted in x, y-plane.

Fig. 6 show where in the workspace the condition

number is low. The lowest condition number for mag-

netic field configuration (a), (b) and (c) are respec-

tively: CNa = 1.414, CNb = 1.622 and CNc = 1.624.

The position where the condition number is lowest is

further evaluated. The positions with lowest condi-

tion number for magnetic field configuration (a), (b)

and (c) are respectively: pa = [1.5 0 0]m, pb = [0 1.1

0]m and pa = [0 0.8 0]m.

Fig. 5: Desired current as function of the magnetic field

strength, given a desired input Γ

3.2 Magnetic Field Strength

To confirm whether the condition numbers defined in

Section 3.1 are in agreement with the numerical out-

come of Equation 14, Fig. 5 illustrates the relation of

the current to the strength of the nonuniform magnetic

field. The differences is the three field configurations

is very small. It is barely notable in the figure, but

from ‖ B ‖> 0.2T the desired current for field con-

figuration (a) lowest compared to the other configura-

tions.
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(a) CN of field configuration (a), lowest

value of CNa = 1.414 at pa = [1.5 0 0]m

(b) CN of field configuration (b), lowest

value of CNb = 1.622 at pb = [0 1.1 0]m

(c) CN of field configuration (c), lowest

value of CNc = 1.583 at pa = [0 0.8 0]m

Fig. 6: Condition Number (CN) of the three nonuniform unidirectional field configurations plotted over workspace of

1.5m by 1.5m.

4 DISCUSSION

Uniform magnetic fields cannot be used for 3DOF di-

rectional control of the tri-axial electromagnetic coil,

because the torque-current mapping does not show

not full rank. In result, the condition number for a

uniform magnetic field goes to infinity, resulting in a

bad conditioned mapping.

Fig. 6 shows the condition numbers for three nonuni-

form magnetic field configurations. The positions

were defined where the condition numbers were low-

est. These positions show where the torque-current

mapping is best conditioned for receiving a desired

current that is best within bounds.

To validate whether the best conditioned mapping

translates to the best current output for a desired

torque, the relation between for the current and the

magnetic field strength was illustrated in Fig. 5.

The field configurations show much similarities and

are almost identical graphs. All field configurations

show a decreasing desired current for increasing mag-

netic field strength. The lowest condition number

was found for field configuration (a). Field config-

uration (a) also showed the lowest current required

for ‖ B ‖> 0.2T. If the input current is low, this

could simplify the design of the tri-axial coil. With

low current input, less heat will be generated in the

tri-axial coil. Less heat might elongate the operation

time of the system. Therefore the maximum current

is set to ‖ I ‖< 0.02A which is met for ‖ B ‖> 1.0T.

Since the three field configurations are very similar,

they could all be used for the directional control of

the tri-axial electromagnetic coil. Besides the small

differences, field configuration (a) shows the best con-

ditioned matrix and relatively the lowest desired cur-

rent. To conclude, an optimal field configuration for

the system could be a strong, nonuniform, unidirec-

tional magnetic field containing of only x-gradient.

This field type can be generated by MRI systems.

MRI can be used for directional control, this simpli-

fies implementing application in the medical world,

since MRI systems are already existing field generat-

ing sources in every hospital.

To validate the results obtained in this research a pro-

totype was designed, as proposed in Appendix A.

Powering of the coils was done through the copper

wires of the coils. These copper wires were con-

nected to control boards for power supply. However,

it was not taken into account that the stiffness of these

copper wires was relatively high. The stiffness pos-

sibly prevented the tri-axial coil from rotating when

exerted to an external magnetic field. Future proto-

types should account for stiffness of wires or propose

for example tetherless power supplies.

5 CONCLUSIONS

Directional control of a tri-axial electromagnetic coil

using a static magnetic field was investigated in this

research. The magnetic field configuration the tri-

axial coil would be exerted to was evaluated. Uni-

form magnetic fields showed a system that was not

full rank. Therefore, a nonuniform magnetic field

configuration was required. Three nonuniform uni-

directional magnetic field configurations were com-

pared for condition number and desired current input

given a desired torque. The results showed very lit-
27



tle differences for the three field configurations. The

best field configuration, which had the best condi-

tioned torque-current mapping and showed the lowest

desired current input, is a strong nonuniform unidirec-

tional magnetic field that consists only of x-gradient.

This field configuration can be generated by MRI sys-

tems.

To realise directional control, the tri-axial electromag-

netic coil has to be exerted to a nonuniform magnetic

field. As this magnetic field configuration shows a full

rank torque-current mapping, full state feedback con-

trol can be applied.

Due to the lowest condition number and the lowest de-

sired current, the optimal nonuniform magnetic field

configuration showed to be a strong .

6 FUTURE WORK

Future work includes the design of a prototype where

the influence of the stiffness of the copper wires on the

prototype is limited or negligible. A way of doing this

is to design tetherless actuation of the tri-axial electro-

magnetic coils. This improved prototype design could

then be tested in a strong nonuniform unidirectional

nonuniform magnetic field with x-gradients, as dis-

cussed in Section 4, for directional control.

A next step could be adding a translation method to

the design. One method for translation that could

be investigated is propulsion through a helical tail.

The addition of translational control would introduce

6DOF control of the microrobot.
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A PROTOTYPE DESIGN

The initial goal of the research was to show direc-

tional control of a tri-axial electromagnetic coil by

designing a miniaturised prototype. The prototype

consists of three orthogonal coils corresponding

to the miniature robot’s e1-, e2-, and e3-axis. The

three orthogonal coils are identical in design. The

miniature robot would be tested in a fluid, therefore a

spherical body was designed to surround the tri-axial

coils. This spherical body consisting of the tri-axial

coil is shown in Fig. 7.

Fig. 7: Design of the tri-axial electromagnetic coils em-

bedded in a silicon spherical body. The coils are winded

around a 3D-printed Polybuthylene Succinate (PBS) base

(in white).

The base of the tri-axial coil configuration was

3D printed with Polybutylene Succinate (PBS) and

consists of a hollow cylinder. This hollow cylinder

could be filled with a ferromagnetic rod for increasing

the magnetic moment if this was desired.

The coils are made from enamelled copper wire, with

a diameter of 0.25mm. The number of turns is 124

and the inner diameter of the coils is 4.0mm.

The function fmincon in MATLAB’s optimization

toolbox was used to solve Equation 6 for a maximisa-

tion of the magnetic torque given a restricted number

of coil turns that would fit on the base.

The tri-axial coil configuration was placed inside a

3D printed PBS mold. This mold contains a spherical

cavity with a diameter of 25mm, which was filled

with silicon to make the miniature robot’s spherical

body.

Equation 6 was used to calculate the theoretical

magnetic torque that was generated by the interaction

between the magnetic moment and the external

magnetic field. The theoretical magnetic torque was

12 mNm. The values used for this calculation can be

found in Table 1.

Before experiments were done in a fluid with

high viscosity to resemble low Reynolds number,

tests were done with the prototype hanging in air. The

copper wires of the coils connected the prototype to a

control board and power supply. The tri-axial coil was

hung on these copper wires. A nonuniform magnetic

field source was located next to the prototype. The

magnetic field source was a permanent magnet called

the SEMA. The setup can be seen in Fig. 8.

Fig. 8: Test setup in air with magnetic field generated by

permanent magnet SEMA.

While performing these first test in air, the prototype

did not show rotational movement. It was expected

that the stiffness of the copper wires prevented the

tri-axial coil from aligning with the magnetic field

generated by the SEMA.

An estimation for the influence of the stiff copper

wires on the prototype was done by calculating the

stiffness torque, defined by:

τk = Krθ

=
πGd4

32L
θ

(21)

where G is the shear modulus of the wire material,

d is the diameter of the wire, L is the length of the

wire and θ is the angle. This equation is a measure

for the torque that is needed to rotate the end of a

wire. The values that were used to calculate the stiff-

ness torque can be found in Table 1. The estimated
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torque needed to overcome the stiffness in the wires

was 687.0 mNm. In the physical experiments this

value would be different, but this estimated torque is

the order of magnitude we have to look at. This or-

der of magnitude is much bigger than the theoretical

magnetic torque, e.g. the stiffness could hinder the ro-

tation of the prototype.

Table 1: Values used for calculating theoretical magnetic

torque and stiffness torque.

Variable Value Unit
B 0.014 T

N 124 -

I 0.5 A

S 1.26e−5 m2

τm 12.3 mNm

G 44e9 N/m2

d 0.25 mm

L 0.05 m

θ π/2 rad

τk 687.0 mNm

In conclusion, the prototype designed in this research

did not show a change in orientation when the gener-

ated magnetic moment was exerted to a nonuniform

magnetic field. This was presumable caused by thhe

stiffness of the copper wires. Future prototype de-

signs must take this stiffness into account, and contain

a method of limiting or excluding this influence on the

miniature robot.
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1 INTRODUCTION 

Helical microrobots are screw-shaped untethered 
devices, which are propelled by rotating magnetic 
fields. These microscopic devices hold great potential 
in the field of minimally invasive procedures for 
targeted therapy. Their movement resembles that of a 
cork- or woodscrew [1]. It is inspired by the 
locomotion observed with bacteria, which use their 
flagella as a helical propeller to be able to move in 
low-Reynolds flow [2]. Starting in 2007 first 
pioneering work was done on controlling artificial 
bacterial flagella with rotating magnetic fields [3],
[4]. In the early works only closed configurations of 
electromagnetic coils are considered. A downside of 
such arrangements is their limited scalability, which 
makes them less suitable for in vivo applications. It 
was then  proposed to use nonuniform magnetic fields 
generated by a single rotating magnet attached to a 
manipulator for steering [5]. Building on that 
Mahoney et al. addressed the issue of overcoming the 
attractive force and maximizing the torque, when 
using only a single rotating magnet [6], [7]. The 
rotating dipole field generates the torque on the 
microrobot, which induces the helical propulsion. 
The robotic manipulator enables the manipulation of 
the robot in a relatively large three-dimensional (3D)
workspace.  

The purpose of this paper is to create a graphical 
simulation model in MATLAB for planning of future 
in vitro testing. The permanent magnet configuration 
implements the KUKA KR10 R1100-2 and a grade52 

ABSTRACT: To manipulate magnetic microrobots used for targeted drug delivery it is important to model the 
magnetic field that is created by a permanent magnet, which can be controlled three-dimensional space by a 6-
DOF manipulator. Most studies implement specialist software to describe the behaviour of the manipulator. 
These however offer limited functionality, which makes it challenging to combine with a magnetic field 
simulation. This paper offers a complete simulation model from the manipulator kinematics to the magnetic 
field created by a rotating permanent grade52 NdFeB magnet. In this work the model KUKA KR10 R1100-2, 
which is a 6-axis robotic arm manipulator, is simulated in 3D space. The Denavit-Hartenberg representation is 
used to model the links and joints. The kinematic equations of motion and Jacobian matrix for the robot arm 
model are derived and implemented in MATLAB software. The simulations are visually supported by a  
graphical model of the KUKA robotic arm. 
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Fig. 1. A permanent magnet-based actuation system is 
simulated. The system consists of the 6-DOF KUKA robotic arm
KR10-1100-2 and a cylindrical grade52 NdFeB magnet, which
is attached to its end-effector. Between the end-effector and the
magnet there is a DC motor, which causes the permanent magnet
to rotate at a constant speed. 
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