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ABSTRACT: Capsule endoscopy is used to examine hard-to-access regions of the digestive system which
flexible endoscopes cannot reach. The capsule with a built-in camera system is ingested and the images are
wirelessly transmitted to a receiver, after which they can be studied by an operator. Some of the issues involved
in capsule endoscopy include capsule retention and the failure to examine the full small bowel. This paper
explores the possibilities of adding wireless control using static magnetic fields to capsule endoscopy. The
implementation of an electromagnetic tri-axial Helmholtz coil system in a capsule allows for a controlled dipole
moment to be generated. This moment, coupled with an external static field, is used to generate magnetic torque
around the robot’s axes. Controllability of the miniature robot is demonstrated under a state feedback control
system and controlled directional control is demonstrated in a three-dimensional space. Furthermore, control of
continuous rotation is demonstrated using a path-mapped reference input, allowing for positional control using
helical propulsion.
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1 INTRODUCTION

Since the 1800s, flexible endoscopes are used to

navigate the natural pathways within the human body

without having to expose the area itself. Flexible

endoscopes allow for imagery within the body,

primarily in the stomach and colon areas. In the

1990s, new developments by Iddan et al. [1] in the

field of minimally invasive surgery have resulted in

capsule endoscopy, which makes use of microrobots

designed to improve on the flexible scopes. First

developed in 2001, the robots are small, wireless,

tetherless, pill-shaped capsules which can be ingested

to perform the endoscopic functions of a flexible

instrument [2]. The major advantage of tetherless

miniature robots over traditional scopes is that the

capsules are completely wireless, allowing for a less

invasive way of navigating the natural pathways of

the human body. Furthermore, they have the ability

to reach locations inaccessible to tethered flexible

endoscopes [3, 4]. The images or videos are recorded,

wirelessly transmitted, and received by the clinicians,

making it an easier and faster experience for both

the patient and the clinicians, compared to a flexible

endoscope.

Some of the complications of capsule endoscopy

include capsule retention inside the body, which can

result in small bowel obstruction and lead to surgery

[5, 6]. In addition, capsule retention can result

Fig. 1: Directional control of a miniaturized capsule is

achieved in a uniform magnetic field. The capsule is

integrated with a tri-axial electromagnetic coil system to

control its magnetic dipole moment (m1,m2,m3). The

axis x, y and z represent the local material frame of

referenceRc, whileX,Y and Z represent the global frame

R0.

25



in capsule perforation [7, 8], although it is a rare

occurrence. Furthermore, the failure to examine the

full small bowel is estimated to be 20% [9], in which

case the procedure must be repeated. This happens

mainly because of the slow movement of the capsule

through the digestive system and its limited battery

life, resulting in a loss of power before reaching the

desired area. By adding control to a capsule, the

procedure can become faster and more accurate than

can be obtained by natural bowel movements alone.

The medical professionals would be able to control

the robot to a desired orientation and position, thereby

allowing for control of what is examined during the

procedure. Magnetic control can provide the wireless

control without the need for an on-board actuator or

moving parts, resulting in the ability for a simple and

reliable design.

One method to control the motion of the robot

is achieved by dynamic magnetic fields. There

are multiple systems and methods to control a

magnetic field to actuate a small object. One

possibility is to have a position and current-controlled

electromagnetic system. In a study by Yesin et
al. [10], a system with two rigidly connected pairs

of electromagnets create two superimposed fields,

allowing one uniform field to be manipulated by

another by the means of superposition. Using position

control, a microrobot can be manipulated. A different

system was designed by Grady et al. [11] in which

a small permanent magnet was controlled within a

canine brain. It utilizes a single position-controlled

coil to control the magnet.

An alternative method to control the robot depends on

stationary, current-controlled magnets. The OctoMag

system [12], for example, uses eight electromagnets

in a focused ring to manipulate a microrobot. It

focuses on eye surgery and allows the microrobot to

be positioned within the retina.

Magnetic torque is generated by an interaction

between a dipole moment, provided by a permanent

magnet [13], and a magnetic field, provided by

large coils in the surrounding area. This paper

presents an alternative approach, where the control

system is embedded within the robot itself. By

implementing a system of orthogonal electromagnetic

tri-axial Helmholtz coils [14], the robot can generate

a dipole moment in any direction. Together with

an embedded control system, the robot should be

able to rotate in a static magnetic field. One of the

possible applications can be the use within Magnetic

Fig. 2: Schematic representation of the magnetic torque τ
generated by an interaction between the dipole momentm
and an external fieldB. The dipole momentm is generated

by a current flowing through a solenoid.

Resonance Imaging (MRI) systems [15], which are

already widely available in hospitals. However, since

magnetic control can result in limitations, the research

question becomes: Is it possible to achieve directional

control in a unidirectional static magnet field using a

controlled moment? The answer is investigated by

modelling the rotational dynamics of the robot in low

Reynolds numbers and investigating state feedback

control.

2 METHOD AND RESULTS

Until now, little research has gone into implementing

a control system into a capsule and using static

magnetic fields to control the system. To test the

controllability of the robot, a kinematic model was

created. In this section, the dynamic model and

control systems are presented.

2.1 Governing Equations

A tri-axial coil consists of 3 perpendicular solenoids,

which act as 3 dipoles that can be either turned off

or on with a controlled magnitude. The solenoids

generate a magnetic dipole moment m ∈ R
3×1 ,

which interacts with the external magnetic field B ∈
R

3×1 to generate a magnetic torque, as is shown in

Fig. 2. The generated magnetic torque is determined

by
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τm = m×B, (1)

where τm ∈ R
3×1 is the magnetic torque exerted on

the net magnetic moment of the tri-axial coils. The

torque generated gives a rotation around the axis of

a tri-axial coil, therefore the robot orients itself to a

different direction. The magnetic dipole moment of a

solenoid is given by

mi = NIiS, (2)

where I is the current flowing through the coil, N
is the number of turns and S is the vector area.

When equation (2) is substituted into equation (1),

the current flowing through the coils is related to the

torque by

τm =

⎡
⎣
NSI1
NSI2
NSI3

⎤
⎦×

⎡
⎣
B1

B2

B3

⎤
⎦ . (3)

The Reynolds number, the ratio between the viscous

and inertia properties of a fluid, is determined by

Re =
ρuD

μ
<< 10, (4)

where ρ is the density, u is the relative velocity to

the flow, D is the characteristic length of the capsule

and μ is the dynamic viscosity. Because of the high

viscous properties present in most body fluids and

the small size of the robot, the Reynolds number is

assumed to be very small. This assumption allows for

the application of Stokes’ law, expressed as

Fd = 6πηrU, (5)

where Fd is the drag force, η is the viscosity of

the medium, r is the radius of the object and U
is the velocity of the object relative to the fluid.

However, to transform Stokes’ Law from a spherical

to an ellipsoidal application, the equation must be

modified. Discussed in a paper by Bayly et al. [16],

the drag force and torque for an ellipsoid are given by

Fd,x = 6aπηC1Ux,

Fd,y = 6aπηC2Uy,

τd = 8ab2πηC3ω,

(6)

where a is the major diameter of the ellipsoid and b is
the minor diameter of the ellipsoid. The coefficients

C1, C2 and C3 are given by

C1 =
8

3
e3
[
− 2e+ (1 + e2) ln

1 + e

1− e

]−1
,

C2 =
16

3
e3
[
2e+ (3e2 − 1) ln

1 + e

1− e

]−1
, (7)

C3 =
4

3
e3(

e− e2

1 + e2
)
[
− 2e+ (1 + e2) ln

1 + e

1− e

]−1
,

where e =
√

1− b2/a2. It is assumed that the gravity

is balanced out by the buoyant forces on the capsule

[13] and the velocity of the stream is negligible.

Therefore the drag torque and magnetic torque are

the only moments acting on the capsule [17], which

means that the torques result in an equation given by

τd = τm, (8)

substituting equation (1) and (6) into equation (8)

yields

ω =
τm

8ab2πηC3

=
m×B

8ab2πηC3

,
(9)

Using equation (9), the dipole moment is related to

the angular velocity, which can be integrated to a

difference in rotational angles. The controller is used

to determine the optimal current of each coil.

2.2 Magnetic Field Parameters

The magnetic field B can be described by the coils

producing it and the current that flows through them.

Using multiple electromagnets, also present in the

OctoMag system [12], various degrees of complex

magnetic fields can be generated. The overall

equation for a magnetic field generated by an n
number of coils is defined as

B = BIex, (10)

where B ∈ R
3×n is the magnetic field current-

mapping and Iex ∈ R
n×1 is the current flowing

through the external coils. To increase the overall

applicability of the system, the magnetic field is
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chosen to be uniform at every position. This

can be generated by several magnetic systems [18],

thus increasing the chances of the concept being

compatible with as many systems as possible.

2.3 Kinematics of the Miniature Robot

To achieve directional control of the robot, the

robot should be able to rotate accordingly. In this

section, the three-dimensional rotational kinematics

of a microrobot suspended in a medium are presented.

First, a distinction is made between two reference

frames; the global fixed frame R0 and the dynamic

local frame of the capsule Rc. The local frame is

placed parallel to the tri-axial coil, and its movement

coincides with the axes. To express the local frame

Rc in R0, Tait-Bryan angles are utilized. Tait-Bryan

angles represent rotational angles around the three

axes similar to Euler angles; φ is around the x-axis,

θ is around the y-axis and ψ is around the z-axis

[19]. In order to transform local coordinates to global

coordinates, rotation matrices are used, defined by

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

⎤
⎦ ,

(11)

where φ, ψ and θ are the angles around the axes,

grouped as Θ ∈ R
3×1. Since matrix multiplication

is non-commutative, the order of matrix operations

influences the outcomes of the operations. In this

research, the 3-2-1 Euler intrinsic angles, also called

the z-y′-x′′ intrinsic rotations are used because of

its use in the aircraft industry where it is known

as yaw, pitch and roll. The intrinsic properties of

these operations mean the rotations will occur around

dynamic axes of the capsule, which are adjusted after

each rotation, in the z-y-x order. An alternative

method is the use of the x-y-z extrinsic angles. The

order remains is identical to the 3-2-1 Euler intrinsic

angles, but instead of rotating around the object axes,

it rotates around the fixed frame axes of R0. Both

rotational operations are displayed in equation (12)

and (13) and deliver different results. (The angle −θ

is used because the default angle is pointed in the

−z direction.) The transposed version of the rotation

matrix can be used to transform coordinates or vectors

from the global frame R0 to the local frame Rc.

⎡
⎣
xin
yin
zin

⎤
⎦ = RZ(ψ)RY(−θ)RX(φ)

⎡
⎣
X
Y
Z

⎤
⎦ , (12)

⎡
⎣
xex
yex
zex

⎤
⎦ = RX(φ)RY(−θ)RZ(ψ)

⎡
⎣
X
Y
Z

⎤
⎦ . (13)

Ultimately, the 3-2-1 Euler intrinsic angles were

utilized to achieve better control of the rolling

motion of the robot, which is utilized in generating

propulsion. Therefore, equation (12) is utilized to

determine the rotations of the robot in the kinematic

model.

2.4 Controllability of the Miniature Robot

The control of the microrobot is integral to the

concept since its ability to generate a suitable dipole

moment is the driving force behind the robot. One

of the crucial parts of designing the controller is the

controllability of the robot. The controllability of a

system dictates whether the inputs of a system are

able to reach the states.

The use of magnetic control paired with a

unidirectional static magnetic field comes with

restrictions due to the nature of the generated torques

and forces. One restriction of the magnetic torque

is the alignment of coils with the direction of the

external magnetic field. For instance, assuming B is

a uniform field in the x-direction and coil 1 of the

tri-axial system is aligned with B, the equation for

the torque becomes

τm = m×B =

⎡
⎣
m1

m2

m3

⎤
⎦×

⎡
⎣
Bx

0
0

⎤
⎦ =

⎡
⎣
0
τ2
τ3

⎤
⎦ . (14)

No combination of dipole moments can generate

a torque around the aligned axis, limiting the

orientational movement of the robot.

A rank analysis is a tool to check system

controllability. To do that, a simple proportional

controller is used. An alternative method to write
28



equation equation (1) is

τm = −B×m

= [−B]×m,
(15)

where [−B]× ∈ R
3×3 is the skew-symmetric matrix

defined by

[−B]× =

⎡
⎣

0 −B3 B2

B3 0 −B1

−B2 B1 0

⎤
⎦ . (16)

This representation allows us to write the system as a

linear set of equations [20], which is given by

τm = [−B]×m = Kpe

=

⎡
⎣

0 −B3 B2

B3 0 −B1

−B2 B1 0

⎤
⎦
⎡
⎣
m1

m2

m3

⎤
⎦ =

⎡
⎣
Kp,1e1
Kp,2e2
Kp,3e3

⎤
⎦ ,

(17)

whereKp ∈ R
3×3 is the proportional gain matrix and

e ∈ R
3×1 is the angular error defined by

e = Θdes −Θ. (18)

Because of the skew-symmetric properties of [−B]×
[21], the rank of the system is 2, therefore one

of the states cannot reach its desired value. As a

consequence of this property, the system is unable

to reach its desired position, and a different form of

control is needed.

2.5 Regulation by Full State Feedback

In order to gain full controllability, coupling is

needed between the different angles. One method of

achieving this coupling is by introducing full state

feedback, based on the state-space equations. The

state-space representation is defined as

ẋ(t) = A(t)x(t) +B(t)u(t),

y(t) = C(t)x(t) +D(t)u(t),
(19)

where x(t) ∈ R
n is the state vector, y(t) ∈ R

q is the

output vector, u(t) ∈ R
p is the input vector, A(t) ∈

R
n×n is the state matrix, B(t) ∈ R

n×p is the input

matrix, C(t) ∈ R
q×n is the output matrix andD(t) ∈

R
q×p is the feedthrough matrix. To increase clarity in

the equations, the constant of Stokes’ Law is defined

as

f ≡ 8ab2πηC3, (20)

which means equation (8) can be written as

f ẋ = m×B,

ẋ =
1

f
(m×B),

(21)

where x ∈ R
3×1 is the state of the system, in this case

described by

x ≡ Θ, (22)

where Θ ∈ R
3×1 is the angle vector. To utilize

full state feedback, a state matrix A(t) is designed to

generate coupling between the states, allowing for full

controllability of the system. Furthermore, auxiliary

control is needed for stability in the system. This

can be utilized when equation (21) is set to full state

feedback, given by

1

f
(m×B) = A(t)x(t) +B(t)u(t)

= ẋ,

(23)

where u(t) is set to a proportional input by

u(t) = −Kx(t), (24)

where K ∈ R
3×3 is a proportional gain matrix. In

order give A(t) the desired structure, the state gain

vector is used, given by

KA ≡
[
KA,1 KA,2 KA,3 KA,4 KA,5

]
, (25)

where KA ∈ R
1×5 is the state gain vector. Full

coupling between the states was achieved by setting

A(t) as

A(t) ≡
⎡
⎣
KA,4 KA,3 0
0 0 KA,2

KA,5 0 KA,1

⎤
⎦ . (26)
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Fig. 3: Angular position and dipole moment of a simulated microrobot as a function of time powered by full state feedback.

Each starting point is a randomly generated position, and the positions move to the origin, which is located at [0,0,0].

Fig. 4: Block diagram of the full state feedback controller.

Furthermore, an auxiliary control matrix is set to an

arbitrary value β by

B(t) ≡
⎡
⎣
β1 0 0
0 β2 0
0 0 β3

⎤
⎦ . (27)

Using these matrices, equation (21) is rewritten into

⎡
⎣
ẋ1
ẋ2
ẋ3

⎤
⎦ =

⎡
⎣
KA,4 KA,3 0
0 0 KA,2

KA,5 0 KA,1

⎤
⎦
⎡
⎣
x1
x2
x3

⎤
⎦

−
⎡
⎣
β1 0 0
0 β2 0
0 0 β3

⎤
⎦
⎡
⎣
K1 0 0
0 K2 0
0 0 K3

⎤
⎦
⎡
⎣
x1
x2
x3

⎤
⎦ ,

(28)

which can be written as

ẋ = (A−BK)x. (29)

This system is full rank, which means each of the

states is fully controllable. To achieve stability, the

inequality

A−BK < 0 (30)

has to hold, after which the states will converge to

the origin in a finite time. This is called a regulator.

The regulation control action enables the states to

converge regardless of the initial conditions. As long

as equation (30) holds, the controller will return the

system to its origin.

In Fig. 3 the results of several simulation tests based

on random starting points are shown. The angles of

the microrobot go the origin located at Θ = [0, 0, 0].
The values of the K matrix can be changed to reach

the final state faster or slower, which allows for

control over both speed and accuracy. Furthermore,

the B matrix can be altered to include feed-forward,

therefore increasing the possibilities for controller

tuning to improve performance and stability. Feed-

forward is however not further discussed in this paper.

An important note is that mostly arbitrary values for

A,B and K are used. Therefore, the results do not

represent feasible values for the inputs and outputs of

the system.

2.6 Shifting the Origin

The state feedback controller allows for a regulation

of the system. By shifting the origin to a desired

position, the robot will rotate to that position,

meaning full control of orientation is achieved. To

do this, the entire system is to be shifted, and a shift

vector r ∈ R
3×1 is introduced, which functions as

a reference. The shift vector is used to describe the

shifted states by

ẏ(t) = ẋ(t)− r,

y(t) = x(t)− r,
(31)
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Fig. 5: Angular position and dipole moment of a simulated microrobot as a function of time powered by a shifted full state

feedback. Each starting point is a randomly generated position, and the positions move to the origin, which is located at

[-0.5π, 2π, π].

where y ∈ R
3×1 is the shifted state. Furthermore, the

input of the system is shifted by r, defined as

v(t) = u(t)− r, (32)

where v(t) is the shifted input. Because the input of

the system remains the same, equation (24) still holds,

which means that v can be described as

v(t) = −Kx(t)− r

= −K(y(t) + r)− r.
(33)

By using equation (21) and (31), the shifted state is

determined by

ẏ(t) = [Ax(t) +Bu(t)]− r

= [A(y(t) + r) +B(v(t) + r)]− r

= Ay(t) +Bv(t) +Ar+Br− r.

(34)

By using the relations of equation (31), the original

states can be determined and used to determine the

states for t = t + 1. A block diagram of the shifted

system is displayed in Fig. 4.

These equations allow the control system to

manoeuvre the robot to a desired rotation, as is

shown in Fig. 5. It reaches the shifted origin in a

similar timeframe as the zero-origin, which means

performance is not impacted. Furthermore, as is

displayed in Fig. 6, the error, defined by equation

(18), goes close to zero. As is shown in the figure, the

angles converge at a very similar time, even though

the initial errors are different from another.

An important note regarding the reference r is that

it has to be modified by a counter-acting gain. In

equation (34), the shifting properties of r are counter-
acted by a subtraction of r. However, because v(t)
is a function of Kr, the combination is not removed.

To combat this, the desired angles are multiplied by a

counter-acting gain, which is done by

r = KΘdes, (35)

where Θdes ∈ R
3×1 is the desired angle vector

and K ∈ R
3×3 is the proportional gain matrix.

This equation ensures the desired position is reached,

instead of a fraction of it.

2.7 Propulsion Using Rotation

Full orientational control is obtained using the shifted

system of equation (34). These equations can

be further utilized to obtain control of continuous

rotations. This could be used to generate propulsion

using a rigid helical tail [22].

First, to generate propulsion in a desired direction,

the robot should orient its helical tail in that direction.

Once the microrobot has reached its desired rotation,

a time-varying reference r(t) is fed through the

system. Assuming that the first axis is aligned with

the long axis of the helix, the propulsion reference is
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Fig. 6: Error of the position based on the three starting points described in Fig. 5. Based on the initial conditions, the time

of reaching the desired position is variable, but all within the timeframe of 1 second.

Fig. 7: Schematic representation of a helix tail used to

generate propulsion by a rotational motion. This tail can

be integrated to the miniature robot to provide thrust under

rigid body rotation abouth the long axis of the helix

defined by

r(t) = −K(Θdes +ΔΘprop)

=

⎡
⎣
−K1 0 0
0 −K2 0
0 0 −K3

⎤
⎦
⎡
⎣
Θdes,1 +ΔΘprop,1

Θdes,2

Θdes,3

⎤
⎦ ,

(36)

whereΔΘprop is the varying propulsion angle looping

on the interval [0, 2π]. WhenΔΘprop is set to increase

with a constant value, the angular velocity will be

constant in a discrete system. Path-mapping allows

for the angular velocity to be set to a desired value.

Consequently, angular velocity control allows for

control of the velocity of the robot when a helical tail

is used. First described by E.M. Purcell [23], a helix,

shown in Figure 7, utilizes Stokes’ Law to generate

propulsion. Modelled after E. coli bacteria and their

flagella bundle, the design can be utilized to generate

propulsion at a low power level. The helix tail

does have a low efficiency, but in the low Reynolds

number environment the consumed power per unit

mass propelled is lower than traditional transportation

methods [24].

When applied to capsule endoscopy, a helical tail can

be used to generate propulsion in a desired direction.

Therefore, positional control of the capsule can be

achieved using a static magnetic field. However,

propulsion and orientation should be viewed as

different operations. In order to change direction

during propulsion, the microrobot should stop and

orientate itself along the desired direction after which

propulsion can resume.

2.8 Discussion of Results

The results describe a controllable system by using

full state feedback. These results are gathered using

simulations only, and to further study their feasibility,

an actual prototype should be built and tested with.

While creating the model used to obtain the results,

various assumptions were made in order to maintain

consistency. The first major assumption is that

the robot operates in a low Reynolds number

environment, where Re << 10. This assumption

allows for the application of Stokes’ Law and the

assumption that the magnetic and drag torque are

equal, as is given in equation (8). Furthermore,

the drag forces are not taken into account, and only

the rotation of the robot is modelled. Finally, the

magnetic field B is assumed to be uniform and

constant at every position within the field. It ensures

that no magnetic force is generated and the capsule

achieves pure rotation.
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3 CONCLUSIONS

Controllability of a microrobot embedded with an

electromagnetic tri-axial coil is achieved under a

full state feedback control system and demonstrated

in three-dimensional space. It allows the robot

to be oriented in any desired direction under the

influence of a uni-directional static magnetic field.

Consequently, adding a path-mapped reference to

the controller allows the robot to continuously rotate

around any arbitrary axis, thereby generating forward

thrust force using a helical body attached to the

microrobot. In conclusion, directional control of a

miniature robot in a uni-directional static magnetic

field is possible.

4 FUTURE WORK

To validate the results of the simulations, a prototype

of a miniature robot with a tri-axial coil system and

microcontroller will be designed an developed. This

prototype must have the capability to measure the

uni-directional static magnetic field and determine the

orientation of its local frame of reference with respect

to the magnetic field. Therefore, the measured states

can be defined and used as an input to the system.

In addition, the control system will be modified to

adapt its gains in order to improve the performance

and stability of the system.
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