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Magnetic manipulation with several mobile coils

towards gastrointestinal capsular endoscopy.

Baptiste Véron, Joël Abadie, Arnaud Hubert and Nicolas Andreff

FEMTO-ST / AS2M , France, e-mail: baptiste.veron@femto-st.fr

Abstract. Traditional techniques of endoscopy based on flexible endoscopes are fairly reliable but

poorly tolerated by patients and do not give access to the small bowel. It has been demonstrated

that magnetic fields are usable for manipulating an untethered magnet, either using fixed coils or

mobile permanent magnets. We introduce a novel approach for magnetic manipulation and present

the preliminary results obtained by simulating a planar manipulation system including multiple

mobile coils.
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1 Introduction

1.1 Exploration of the gastrointestinal tract

Traditional techniques for exploring the gastrointestinal tract are based on en-

doscopy. These techniques, based on flexible endoscopes, are fairly reliable and

provide high resolution images that enable accurate diagnosis. However these proce-

dures present several drawbacks. First, the physician needs much practice to acquire

the necessary dexterity to manipulate the endoscope. Second, movements done by

the endoscope inside the body are frequently painful and traumatic. Whole body

anesthesia may be a solution to these pain problems but it is not always possible

considering the patient’s age and history. And last, these procedures do not allow

observation of the whole small bowel.

In order to access small bowel and improve gastrointestinal diagnosis techniques,

Given Imaging developed, in 2000, the M2A (mouth to anus) capsule endoscopy

system [18]. Approved by FDA in August of 2001, under the Pillcam name, it is a

11×26 mm disposable capsule embedding a battery, a CCD camera, LEDs and a

RF transmitter. Patients swallow the capsule which will move in the gastrointesti-

nal tract thanks to peristalsis (natural movements of the intestine) while taking 2

pictures per second during the 8 hours of battery life.
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This technology has its greatest utility in the evaluation of obscure gastrointesti-

nal bleeding (bleeding of unknown origin that persists or recurs after a negative ini-

tial or primary colonoscopy and/or upper endoscopy) [19]. Indeed, no cause for the

bleeding is evident even after both colonoscopy and enteroscopy in approximately

5% of all patients with gastrointestinal bleeding [10]; and lesions in the small bowel

have been found for 27% of patients with obscure gastrointestinal bleeding [3].

Although capsule endoscopy has permitted great progress, some drawbacks re-

main. The inability to control the capsule’s movements combined with the poor

frame rate (2 images per second) cause a continuity problem: if the speed of the

capsule is too high, there will not be enough images to have a continuous view of

the intestine and one might miss something important. Another problem is the loca-

tion of the capsule. Today, one considers that the location is function of the transit

time but because of the irregular speed, this is irrelevant.

Considering these drawbacks, investigation has been done to improve capsule

endoscopy by replacing passive locomotion (peristaltis) by an active control of the

motion.

1.2 Capsule active locomotion

One way of controlling the capsule motion is to put actuators in the capsule. That

was studied in the EU VECTOR project with legged capsules [2]. These legs may be

made of bioinspired material to achieve a better contact on the small bowel internal

wall [7]. Another idea for the active locomotion is based on inchworm-like motion.

A shape memory alloy spring moves a gripping part and pushes the capsule [8].

Instead of having embedded actuators, an external actuation method is also pos-

sible. Magnetic manipulation is one of the most popular way for capsule motion

control because it presents many advantages. Indeed magnetic fields are not toxic

to the human body [14] and it permits remote effects without any contact (poten-

tially traumatic) with the intestinal wall. The main idea of magnetic manipulation is

to create efforts onto a magnetic part located in an external magnetic field, but the

issue is to produce the proper external field that will induce the desired magnetic

forces. For that, two approaches can be found in the literature.

The first method is to use static coils and to control their currents to adjust the

magnetic field (as in opthalmology) [17, 9]. If a Helmholtz configuration is used,

then the workspace is between the two coils and one obtains uniform magnetic fields

[16, 15]. This is also done in magnetic resonance imaging (MRI) systems to move a

magnetic micro-object in blood vessels [6, 12]. If the object one wants to manipulate

is not made of magnetic material, it is possible to use an indirect way to move it with

magneto-sensitives bacteria that move along the field lines [13] created by the MRI

system. The second method to create the appropriate external magnetic field is to

use permanent magnets and to move them around the patient with a robotic system

to steer the manipulated object [5, 1]. Thus, two separate techniques are used to

create the external magnetic field: static coils or mobile permanent magnets. The
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principle is to adjust either the magnetic field strength by a current control in the

coils, or changing the local form of the field by modifying the relative position and

orientation between the mobile magnet and the magnetic part.

This paper proposes a hybrid approach by using multiple mobile coils in order to

control the motion of a magnetic capsule by both servoing the currents and moving

the magnetic sources. This opens the ability to create a redundant system because

one will be able to modify the magnetic field both mechanically (by moving the

coils) and electrically (by adjusting the current in each coil). The aim of this redun-

dancy is to obtain more manipulability and dexterity. In order to verify this, a study

of a planar manipulation system is considered.

This paper is organized as follows. Section 2 presents the theoretical background

for a new approach of magnetic manipulation, while Section 3 presents the results

obtained by application of the theory on a planar manipulation system simulated

with Matlab. Conclusion and perspectives are given in Section 4.

2 A novel approach, study of a first case

To manipulate the capsule, an original architecture is proposed. As shown on Fig. 1,

the system consists of a small permanent magnet fixed to the capsule we want to

manipulate, and three coils that can turn around a vertical axis. This architecture is

therefore similar to a 3RPR parallel manipulator with magnetic virtual actuators.

Fig. 1 Architecture of the magnetic manipulation system. B1, B2 and B3 are the three moving

coils and M is the position of the magnet.

Two parameters (orientation and current) per coil are controlled, which makes six

parameters for three degrees of freedom. The redundancy is managed by pointing

the coil’s axis in the direction of the permanent magnet. The 3RPR system can thus

be taken as a known reference.
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The magnet motion is driven by the efforts applied on it, as expressed in (1).

This system is solved, knowing the mass m, the inertia [IG] of the magnet, and the

magnetic efforts created by each coil, for a desired acceleration a and angular ac-

celeration ω̇ (friction is neglected).

{

∑
3
i=1 Fm,i = ma

∑
3
i=1 Cm,i = [IG] ω̇

(1)

The magnetic efforts applied on a permanent magnet located in P with a magne-

tization M and a volume V in an external magnetic field Bi(P), are given by [4]:

{

Fm,i = V ·grad(Bi(P) ·M)
Cm,i = V ·M∧Bi(P)

(2)

Furthermore, the magnetic field created at position P by a circular current loop

in free space as shown on Fig. 2 is computed in spherical coordinates as

Bi(P) =











Br =
µ0

2π
(Ii ·π a2)

cosθ

r3

Bθ =
µ0

2π
(Ii ·π a2)

sinθ

r3

Bφ = 0











(3)

where µ0 is the permeability of free space, a the current loop radius, r the distance

between O and P, and θ the angle ̂(Z,OP).
For a N turns coil, all loops are considered at the same point so the previous

formula is multiplied by N to obtain the magnetic field. Then superposition principle

is applied to find the magnetic field created by all three coils.

Fig. 2 Magnetic field created by a circular current loop.

Then, given the spatial configuration of the coils, it is possible to find the current

in each coil that will allow to move the magnet in the desired direction by applying

the proper magnetic field.
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To manage the magnet position X, the magnetic field created by the coils has

to be controlled. Therefore the current I = (I1, I2, I3) in each coil must be regulated.

This is done by using a feedback contol (proportional, derivative, plus feed-forward)

which provides the desired acceleration of the moving objects, and solving for the

inverse dynamic model of the system (1)-(2). This control scheme is illustrated on

Fig. 3.

Fig. 3 Control strategy

3 Results

3.1 Simulation with Matlab

A simulation using Matlab and Simulink was developed to validate the model and

the proposed control strategy. This simulation is splited in two parts. One part is a

physical simulator for the system [4], and the other part is dedicated to the control

of the system.

In the simulation, we assume that the desired trajectory is slow enough and the

motion of the coils fast enough to consider the coil control as instantaneous (quasi-

static) so that we can focus on the magnetic control only.

Figure 4 presents preliminary results from the simulation. We managed to make

the magnet follow several trajectories (Fig. 4(a), 4(b) and 4(c)) which shows that the

singularities on this system are not the same as the ones found on a 3RPR parallel

manipulation system.

Although these results prove that the chosen control strategy allows the magnetic

manipulation, Fig. 4(d) shows a case where control on the magnet orientation is lost.

An extended study has to be done to explain this loss of control, but we suspect that

it may be caused by a singularity or a numerical problem (ill-conditioned matrix), if

not a bug in the simulation.
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(a) Circle of a 0.01 m radius.
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(b) Straight ligne passing through the center.
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(c) Vertical straignt line with a different orienta-

tion.

−0.05 0 0.05

−0.05

−0.04

−0.03

−0.02

−0.01

0

0.01

0.02

0.03

0.04

0.05

trajectoire

X Position (m)

Y
 P

o
s

it
io

n
 (

m
)

(d) Loss of the motion control on a circle with a

0.02 m radius.

Fig. 4 Simulation results for several trajectories. In red is the triangle supporting the coils, in blue

the magnet trajectory and in green its orientation vector.

3.2 Prototype

To confirm the simulation results, a prototype is being developed based on the archi-

tecture used in the simulation. This prototype is a modular system in order to be able

to test several geometries for the coils position and the dimension of the workspace,

as what have been done in the simulation.

The coils and their rotating system are mounted on adjustable platforms (Fig. 5(a))

which are fixed on a static frame. The magnet position is measured with a camera

fixed above the workspace as shown on Fig. 5(b).

The software architecture will be based on the simulation (which will be trans-

lated to C++) and the ViSP library [11] (a C++ cross-platform solution, developed

by the INRIA Lagadic team, for prototyping and developing applications in visual

tracking and visual servoing).
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(a) (b)

Fig. 5 (a): CAD model of one platform. (b): Picture of the prototype.

4 Conclusion and perspectives

A new paradigm was proposed: the use of mechanical and electromagnetic redun-

dancy for improving the dexterity and manipulability of magnetic manipulation.

Feasibility have been shown by simulating a planar manipulation system. More, the

simulation results were used to design a prototype. The next steps are to complete

the prototype and to study the various control strategies.

In parallel to this work, a study on redundancy management is led. It has been

shown that the strategy chosen to manage the coils orientation presents singulari-

ties. Therefore, other strategies will be compared to this one to improve the system

control.

Moreover, even if the use of a ferromagnetic core in the prototype’s coils permits

to increase the magnetic field, it makes the basic field model (3) not valid any more.

A more realistic model to compute the magnetic field has then to be developed.

This prototype is a first step in magnetic manipulation experiments towards cap-

sular endoscopy. It will help us to have a better understanding of what is happening

and how to control it. Even if this prototype is a 2D manipulation system, the pro-

posed model should work in 3D. We expect then to build a 3D demonstrator in order

to manipulate capsules through the human body in a rather short future.
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