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Abstract
Although the physical examination using conventional capsule endoscopy can be achieved in a non-invasive and painless way,
it is a costly, long-time and uncontrollable procedure. The active driving mechanism for capsule endoscopes is thus proposed
on the basis of the conventional capsule endoscope. This paper studies a new actuator structure for potential active capsule
robot (CR) applications. This actuator, which consists of a single inner mass and an outer smooth shell, is designed to be able to
realize a sealed linear locomotion system, avoiding damaging the intestinal tissue caused by the paddle or leg sticking outside
the capsule that are often shown in other CR designs. Compared to the existing driving principle, the CR proposed in this paper
is driven by the collision impact forces generated inside the capsule, rather than by additional mechanical structures of the CR
or micro-motors within the capsule to generate the required driving force. When the excited current in the coil is 2.75 amps,
the driving force acting on the capsule body is approximately 2 N, which is larger than other existing conventional actuators.
Moreover, the measured experimental results show that the stroke length and movement speed can be easily controlled by
varying the amplitude and frequency of the excitation current purely.

Keywords Capsule robot · Permanent magnet · Collision force · Capsule locomotion

1 Introduction

Capsule endoscopy (CE) as a promising alternative endo-
scopic enables to visualize and detect thewhole gastrointesti-
nal (GI) tract, especially for the small intestine area [1–5].
The capsule robots that have been proposed are either active
or passive, depending on whether they have an active drive
mechanism. Although the passive CRs have been success-
fully used in clinical applications, they have the defects of
missed inspection or unable to check the lesion area repeat-
edly [6, 7]. In recent years, a type ofwireless CR has attracted
great attentions of the academic researchers in various fields
[8–14]. However, the existing locomotion system is still a key
limitation for the capsule products, since the current commer-
cial CEs could travel through the human body in a passive
way only [15, 16]. Moreover, the lack of controlled locomo-
tion of the existing CEs has been an obstacle for extending its
practical applications [17]. An active locomotion system is
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therefore desired to achieve, e. g., forwardor backwardmove-
ment formeeting real-time control demands requiredbymore
advanced clinical applications [18, 19]. The active capsule
robot has the characteristics of controlled travel direction,
position and speed, helping to improve the efficiency of diag-
nosis and treatment effectively. These motivate the research
and development on the active capsule endoscope, which is
also called capsule robot or CR.

To achieve an active CR, generally speaking, three more
sub-systems are often implemented on the CR side: the
actuator mechanism, the attached mechanical system, and
the bionic locomotion mechanism [17, 20]. The different
adoptions of these alternatives have been formed of vari-
ous different locomotion mechanisms as well as its working
principles [20]. For instance, some CRs can be driven by the
micro-actuator with external driving mechanism, e. g., legs,
pedals or needles, interacting with the non-smooth surface
of the organ wall [21–23], while the other types are driven
by the external magnetic (electromagnetic) field interacting
with the permanent magnet embedded inside CR [24–26].
However, the use of the external legs or pedals has the risk
of intestinal tissue damage; manipulating the CR by exter-
nal magnetic field will require strong magnetic field sources
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since the magnetic field decreases dramatically when the dis-
tance increases.

Currently, a two-mass-based locomotion system as a
promising technology has been well reported and studied
in [27–32]. This locomotion system consists of an internal
mass and an outer rigid encapsulated body, and this makes it
easier to beminiaturized and completely sealed. Theworking
principle is that the whole system can be propelled rectilin-
early by the internal interaction force created by the internal
mass when excited by a periodic force [28, 31]. So far, it
has been proposed for the engineering, medical, and disaster
fields [33]. Due to the structure advantage of forming a sealed
and rigid body without external legs or pedals, this locomo-
tion mechanism is suitable to be applied in a restrict space
such as the intestinal tract [34, 35]. A vibro-impact-based
locomotion system consisting of two moving inner masses
was proposed to be applied for the active CR by Cherousko
[36]. Later, to optimize the system parameters to meet the
medical application demands, a vibro-impact-based CR con-
sisting of a capsule body and an internal mass driven by a
harmonic excitation was presented in [35, 37, 38]. Dynamic
behavior and simulationmodel of the vibro-impact-basedCR
system are both studied in detail in [31–34, 39]. Moreover,
a detailed investigation on the capsule motion profiles under
various external friction forces has been carried out in [40].
However, for those aforementioned actuator systems, they
are restricted by the limited driving force, complicate struc-
ture, or the uncontrolled elastic vibration. In these proposed
structures, a spring is normally used to connect the internal
mass and the encapsulated body, as an important part of its
mechanical, leading to a potentially weakened system relia-
bility.

In this paper, a new simple active actuator applied for CR
is proposed. The main feature of this new structure is the
large driving force produced by the collision action between
the internal mass and the CR. The detailed structure and the
working principle of this new CR are explained in Sect. 2.
In Sect. 3, the analysis of its locomotion characteristic is
provided. The experimental results measured on the CR pro-
totype are presented in Sect. 4. Section 5 concludes this paper.

2 The proposed new CR

2.1 Capsule robot structure

The new CR proposed in this paper consists of three cylin-
drical permanent magnets (PMs) and one small solenoidal
coil as principally illustrated in Fig. 1a. A corresponding CR
prototype was manufactured and is shown in Fig. 1b. Two
of the PMs, namely PM1 and PM2, are attached to the two
ends of the capsule body, while the PM3 is attached to the
small coil in between the capsules. PM1 and PM2 face each
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PM2Small coilPM3Acrylic tubePM1 Reflecting 
plate

PM1 Clear round tube PM3 Bobbin Coil PM2

S S N
S
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Fig. 1 Structure of the new CR prototype: a explosion structure of the
CR, b the proposed CR prototype

other with the same polarity, while PM3 and PM2, separated
by the small coil, face each other with opposite polarities. In
addition, a small reflecting plate is mounted to one side of the
coil bobbin in the prototype CR, which is used to measure
the displacement of the small coil by a laser sensor.

This new CR has a simple structure. It can realize a
controlled linear locomotion, by adjusting the amplitude or
frequency of the current supplied to the small coil. The work-
ing principle of the CR is explained in detail as below.

2.2 The CR working principle

The schematic diagramof the proposedCR is shown inFig. 2.
Pulsed current is supplied to the small coil to drive the CR
move forward. The locomotion of this CR in one cycle may
be divided into three stages, as discussed below.

• Stage 1, when the supplied current is zero, both the internal
small coil and the rigid capsule bodywill remain standstill,
parked at an initial position as shown in Fig. 2a. Due to the
attractive force fpm between PM2 and PM3, the coil will
be parked next to PM2.

• Stage 2, a pulsed current is supplied to the small coil.
This current direction is in such a way that the mag-
netic field produced by the current will produce repulsive
force between the small coil and PM2, and attractive force
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Fig. 2 Stages of the CR locomotion in one cycle: a initial state of the
capsule robot, b the coil begins to move away from PM2 when it is
supplied a current, c the coil parks at a new position, d the coil moves
back to PM2, e capsule is driven to move forward after collision

between the small coil and PM1. These forces can afford
to overcome the frictional force (Fric2) and the magnet
attractive force

(
fpm

)
and drive the small coil to move

away from PM2, as illustrated in Fig. 2b. Here, frea.1 is
the corresponding reaction force acting on the CR body.
Holding the current to be constant, the small coil thus parks
at a new position as shown in Fig. 2c after experiencing a
transient period of acceleration and deceleration.

• Stage 3, upon suddenly stopping the current supplied to
the small coil, the repulsive (/attractive) force between
PM1 (/PM2) and PM3 attached to the small coil will then
drive the small coil and PM3 back to its original position
(Fig. 2d). During this period, a counter direction reactive

force frea.2 acting on CR body will be generated, and the
small coil will continue to be accelerated until it hits the
endmagnet PM2.The collision behavior between the small
coil and the PM2, according to the conservation ofmomen-
tumprinciple,will generate a large collision force actingon
the external capsule, and it affords to drive the CR to move
forward, as illustrated in Fig. 2e. Repeating this pulsed cur-
rent supplied to the small coil, stepwise locomotion of the
CR can then be achieved.

It is important to point out that when the current suddenly
reduces to zero, the coil will begin to accelerate toward PM2
due to the attractive force between PM3 and PM2. This kind
of acceleration can generate a counter direction reactive force
on the capsule body. This is the fundamental driving principle
of many existing internal vibration-driven-based locomotion
systems. Depending on the acceleration, this reactive force
may not be large enough to move the capsule body. But by
utilizing the collision action between the small coil and the
capsule body, the coil behaviors like a ‘hammer’ quickly
punch the capsule. Therefore, large driving force will be pro-
duced and the CR can be driven forward. This is the new
driving concept proposed in this paper and allows producing
a large force for driving the CR.

3 Modeling and analysis

3.1 Finite elementmodeling (FEM) results

A3D schematicmodel built in COMSOL is shown in Fig. 3a,
and its geometric parameters are given in Table 1. A view
on the cross-sectional plane showing the flux density and
flux lines is given in Fig. 3b. The plotted flux density shown
in Fig. 3b is achieved under the condition of a DC current
supplied to the small coil at the initial parking position Z� 0.
This position is shown in Fig. 2a as well as Fig. 3a. To drive
the small coil tomove toward PM1, the driving force, existing
between the two end PMs (PM1 and PM2) and the small coil
with a current, should be on the -z-axis as indicated in Fig. 3a.
Different force profiles acting on the small coil with different
coil DC currents at different locations of the small coil are
obtained by FEM. The results are shown in Fig. 4a.

As may be observed from Fig. 4a, at the initial parking
position (Z � 0 mm) and zero coil current, the force acting
on the coil is positive, meaning it is pointing at PM2 (the
attractive force between PM3 and PM2). If a positive DC
current is supplied to the coil, the force will become negative
and drive the coil to move away from PM2, towards PM1.
As the distance between the coil and PM2 increases, the coil
current-related force component becomes less influential on
the total force.
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Fig. 3 The FE model simulated by Comsol: a 3D model of the CR prototype, b 2D plot of the magnetic flux density distributions and flux lines

Table 1 Finite element model-related parameters according to the cap-
sule prototype

Parameter Value Unit

Coil inner radius 2 mm

Coil thickness 3.5 mm

Coil length 12 mm

Magnet radius 2.5 mm

Magnet length 10 mm

Magnet remanence 1.074 T

Iron mass 0.362 g

Iron diameter 3 mm

Iron height 12 mm

Inner mass (m) 10.32 g

Total capsule mass (M) 28.15 g

Friction coefficient (µ1) 0.2

Capsule length 60 mm

Capsule inner diameter 12 mm

Capsule outer diameter 14 mm

In practice, the supplied current is a pulsed current as
shown in Fig. 4b (the blue curve). The corresponding force
profile (light green line) obtained at different coil positions
(red line) in one cycle is also given in Fig. 4b. It can be
observed that in the t1 period, since there is no current,
the force exerted on the coil is constant, locking the coil
at its initial parking position (corresponding to Fig. 2a). In
the beginning of the t2 period, a pulsed current as shown
in Fig. 4b is supplied to the small coil, and then, the force
will change to negative and drive the coil to move away from
PM2 (corresponding to Fig. 2b). As the distance between the
coil and PM2 increases, the force between the two end PMs
and the internal moving mass will decrease and eventually
becomes positive. In the t3 period, a new parking position
is achieved (corresponding to Fig. 2c). In the period of t4,
the coil current is removed and the positive attractive force
between PM3 and PM2 will drive the coil to move toward
PM2 (corresponding to Fig. 2d). In this period, the coil is
kept being accelerated until it hits PM2. Eventually in the
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Fig. 4 The simulation results achieved by the FE method: a the force profiles acting on the small coil with different DC currents and displacements
of the coil with respect to PM2, b the force profile acting on the small coil under pulsed current excitation in one cycle
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t5 period, the coil will touch PM2 and park at its original
position. The force exerted on this coil will also reach its
maximum value of around 0.055 N. This completes a driv-
ing cycle of this CR.

3.2 Mathematical modeling

As explained in Sect. 2, both the CR and small coil motions
depend on the supplied current in the small coil, while the
displacement of the small coil with respect to PM2 has a
direct effect on the collision force, which is the driving force
of the proposed CR. To simplify the modeling, both stage
1 and stage 2 are ignored and only stage 3 is considered.
At the beginning of stage 3, since the current in the small
coil is suddenly reduced to zero, the forces including the
attractive force between PM3 and PM2 and the repulsive
force between PM3 and PM1 will together act on the inner
mass and drive it to move backwards to its original position.
These two magnetic forces will change when the distance
betweenPM2andPM3 reduces. Furthermore, in this process,
the useful work will be converted into the kinetic energy of
the inner mass which will be released when the coil hitting
PM2 at a large velocity. This procedure can be described as:

0∫

−z

(
fpm(z) − Ffric2

)
dz � 1

2
mż2 (1)

where fpm is the magnetic force acting on small coil due to
the interaction between PM3 and PM1, and PM3 and PM2,
when the current in the coil is zero; m is the mass of the inner
moving part including the small coil and PM3; -z is used to
indicate the displacement of the small coil as illustrated in
Fig. 2c; Ffric2 is the friction force between the inner mass and
the inner surface of the capsule.

To describe the collision, the principle of conservation of
momentum is used. Before collision, the coil has a velocity,
while the capsule remains at standstill. After collision, the
coil and the capsulemove together as a rigid body. Therefore,
it can be obtained that

mż + 0 � Mḋ (2)

where M is the total mass of the CR prototype and d is the
capsule displacement, as indicated in Fig. 2e.

After the collision action, the CR will begin to move for-
ward because of the large collision force acting on capsule
body. The stored energy in the accelerated coil has to be
released, overcoming the frictional force acting on the cap-
sule when it moves. This suggests that:

1

2
Mḋ2 � Ff ric1d (3)

fdriver − Ffric1 � Md̈ (4)

The external frictional force (Ffric1) between the capsule
and its contact surface is determined by the friction coeffi-
cient and the total capsule weight, as:

Ffric1 � sgn(ḋ)µ1Mg (5)

where Ffric1 is the friction force between the capsule and the
contact surface, µ1 is the coefficient friction, g � 9.8 m/s2

as the gravity acceleration constant and fdriver is the collision
force acting on the CR.

Combining (1), (2), (3), (4) with (5), we have

d �
m ∗

0∫

−z

(
fpm(z) − Ffric2

)
dz

µ1 ∗ M2 ∗ g
(6)

This equation shows that the capsule displacement is pro-
portional to the coil mass while inversely proportional to the
total mass squared. For the same masses, a larger magnetic
force fpm will lead to a larger capsule displacement. The
magnetic force fpm depends on the displacement between
the coil and PM2 (Fig. 2c).

4 Experiment results

4.1 Experiment setup

An experimental platform to validate the newdriving concept
of the CR system is built as shown in Fig. 5. It consists of
two parts: the locomotion unit and the measurement unit.
The locomotion unit includes an acrylic guiding slot and a
capsule prototype, while the measurement unit is one ILD
1420 laser sensor. Its displacement measurement accuracy
can reach 1 µm.

According to the working principle of the CR described
above, the capsule prototype will perform the linear motion
on this platformwhen a pulsed current is supplied to the small

Fig. 5 Experimental test bench
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coil. To further analyze the CR motion, the displacements of
both the small coil and the capsule were recorded. The two
displacementmeasurement points aimedby the laser are indi-
cated in Fig. 5. As an example of current cycle, the pulsed
current has an amplitude of 2.75A, a frequency of 1 Hz, as
well as a duty ratio of 0.3. The resultant displacement profiles
of the coil and the CR are shown in Fig. 6, respectively. It can
be clearly observed from Fig. 6 that the coil has a large nega-
tive (moving away from PM2) displacement at first and then
back to its original position. Upon hitting PM2, the coil and
the capsule will move forward together. In addition, a clear
stepwise forward moving profile of the capsule can also be
observed from Fig. 6. An enlarged view of the displacement
profiles for the coil and the capsule, and a supplied current
waveform are given in Fig. 7. Following the similar analysis
to the profile given in Fig. 4b, in the t1 period, there is no
current and the coil parks at its original position. When the
current increases in period t2, the displacement of the coil
is negative (moving away from PM2) and will stay at a new
position as explained before. When the current reduces to
zero in period 3, the coil moves back to its original position
and then moves forward together with the capsule. Repeti-
tive oscillation of the small coil under a pulsed current will
result in a discontinuous stepped locomotion of the CR as
illustrated in Fig. 6. The measured experimental results in
Fig. 6 confirm that this new collision-driven-based locomo-
tion design idea is a feasible solution and it also opens a new
possibility for realizing linear movement.

4.2 Analysis of the enhanced driving force
mechanism

It is claimed before that much larger force will be generated
when the coil collides with the capsule body than that pro-
duced during coil the acceleration period. This phenomenon
will be analyzed here. As may be observed from Fig. 7, in
the beginning of the t4 period, the coil accelerates back to
its original position. The acceleration is generated by the
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Fig. 7 Enlarged view of the measured current and displacement profiles
in one period

attractive force between PM3 and PM2. A counter accelera-
tion force will be applied on the capsule body in this period.
The experiment result has indicated that during this accelera-
tion period, the capsule body remains standstill. The counter
reaction force on the capsule body is not large enough to
overcome the frictional force between the capsule and the
guiding slot. However, when the coil moves back to its orig-
inal position, colliding with the capsule body, both the coil
and capsule can move forward together. This implies that
during the collision, much larger force is generated which
is now able to overcome the frictional force and drive the
capsule to move forward.

According to the law of momentum conservation, ide-
ally, the total momentum of the two-mass system before and
after the collision should be the same, as described by (2).
Therefore, to illustrate this principle, the system momentum
is calculated before and after the collision using the mea-
sured displacement, velocity and acceleration. Before the
collision, the system momentum is the momentum of the
coil (which is mż) since the capsule remains standstill. By
observing the coil velocity before collision given in Fig. 8
and using the coil mass given in Table 1, taking the mea-
surements for the first cycle as an example, the momentum
of the coil before collision is found to be 1.65 g·m/s. After
collision, the CR together with the small coil will begin to
move forward together. Only the frictional force between
the capsule body and the guiding surface will be applied on
the capsule for deceleration. By observing the peak velocity
achieved after collision and using the total mass of the coil
and the capsule, the system momentum after collision

(
Mḋ

)

can then be obtained. Taking the first cycle as an example,
the momentum is found to be around 1.69 g·m/s. It is close
to the momentum obtained before the collision observed in
the same cycle. The momentum after collision should not be
larger than the momentum before the collision. The differ-
ence observed from the experiment is due to measurement
errors. The experiment was repeated for 4 cycles, and it can
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be observed from Fig. 8 that the observed speed varies a bit.
This is possibly due to manufacturing tolerances of the coil
bobbin since coil may not move perfectly in parallel with the
capsule inner surface, and possible variation of the frictional
force as well, etc. Observed from Fig. 8, for the remaining
three cycles, the obtained momentums before collision are
found to be 1.75 g m/s, 2.27 g m/s, and 2.27 g m/s, respec-
tively. After the collision, the momentums are 1.97 g m/s,
2.25 g m/s and 2.25 g m/s, respectively.

Before collision, the reaction force acting on the CR is
equal to the resultant force acting on the small coil used
for acceleration. If the frictional force is neglected, then this
maximum available force for acceleration will be the max-
imum attractive force between PM3 and PM2. According
to the force profiles given in Fig. 4b, the maximum resul-
tant force acting on the small coil is achieved at its original
position when the current is zero. Thus, the maximum reac-
tion force acting on the CR before collision can reach about
0.055 N. After collision, the reaction force acting on the cap-
sule can be calculated by (4), which is the total mass of the
coil and capsule multiplying the acceleration. The acceler-
ation of the CR for the capsule in four periods is given in
Fig. 9. It indicates obviously that the maximum acceleration
in one cycle is achieved only at the collision moment. There-
fore, the collision force in four periods could be calculated,
which are 2.2 N, 1.7 N, 1.9 N, and 1.9 N, respectively.

Comparing the reaction force acting on the capsule body
before collision with the one after the collision, the collision
action can generatemuch higher driving force on the capsule,
nearly 35 times in average. The results indicate that this new
active actuator, which is designed according to the collision
principle, can generate much larger driving force than other
existing conventional actuators.
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Fig. 9 The recorded four periods for the accelerator of the CR

4.3 Controllability analysis

As it is described in Sect. 3, the CR displacement is mainly
determined by the supplied current in the small coil. This
pulsed current has three key factors, i.e., the current ampli-
tude, frequency and the current duty ratio. In order to evaluate
their effects on theCRdisplacement, the experimental results
of the capsule displacement under different currents are mea-
sured by laser sensor as shown in Figs. 10, 11 and 12,
respectively.

In Fig. 10, these CR displacement curves are measured
with different amplitudes of the supplied current, e.g., 2.25 A
and 2.75 A, a constant frequency of 1 Hz and a fixed duty
ratio of 0.3. This figure indicates that the measured CR dis-
placement increases when with the increased amplitude of
the supplied current. This is because as the current increases,
the coil can be driven further away from PM2, resulting in
a longer distance for acceleration toward PM2 and larger
momentum.

0 1 2 3 4-0.2

0

0.2

0.4

0.6

0.8

1

1.2

Time (s)

D
is

pl
ac

em
en

t (
m

m
)

I=2.25A
I=2.75A

Fig. 10 The measured displacements of the capsule VS. current ampli-
tude
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In Fig. 11, the CR displacements in 2 periods are mea-
sured with varying current frequencies, which are 0.5 Hz,
1 Hz and 4 Hz, respectively. The current amplitude is kept
constant to be 2.75 A, and the duty ratio is fixed to 0.3.
These curves demonstrate that the current frequency has a
great impact on the CR displacement speed. As the frequency
of the supplied current increases, the time needed for com-
pleting a locomotion cycle reaching the same displacement
will be shortened. In other words, the moving velocity of the
capsule is increased. This is a simple approach to control
the capsule velocity. The independent effects of the current
amplitude and frequency on themoving profile of the capsule
improve the controllability of the capsule.

The displacements of capsule in 3 periods measured with
different duty ratios of the pulsed current are shown inFig. 12.
The frequency of the pulsed current is fixed to 1 Hz, and the
current amplitude is maintained at 2.75 A. The experimental
results reveal that the current duty ratio has negligible effects
on the capsule displacement. The force available for driving
the capsule is mainly determined by the parking distance
between the coil andPM2 (e.g., Figure 2c) for a given current.
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How long the coil parks there, which is determined by the
duty ratio, will not matter.

The profile of the capsule displacement vs. supplied cur-
rent amplitude is given in Fig. 13. The capsule displacements
were recorded for 10 continuous periods and then averaged.
The measurement was repeated for different current ampli-
tudes. It may be observed from Fig. 13 that the capsule
displacement is proportional to the current amplitude. This
linear relationship is preferred since it will simplify a control
system design for such a linear CR.

5 Conclusion

This paper proposed a sealed actuator mechanism for poten-
tial active in vivo capsule applications. The feasibility of the
new CR and its driving concept are confirmed experimen-
tally in the laboratory on a prototype, with detailed analyses
provided. The experimental results have demonstrated that
the capsule locomotion is mainly affected by two key fac-
tors, namely the amplitude and the frequency of the supplied
pulsed current. The experimental results can also be used to
optimize the mechanical structure parameters of the capsule
prototype, which will help to further miniaturize the experi-
mental prototype of the CR to capsule size in the future.

Compared to the actuator systems based on additional
mechanical structures outside or inside the CR to drive the
movement of the capsule described in other papers, this paper
presents a simpler, easier to control and safer active mech-
anism. In addition, this actuator mechanism will be used in
the future to explore more practical medical functions of the
CR, such as positioning, rotation, drug delivery and release,
and biopsy. In addition, in future work we will continue to
work on completing its integrated circuit system and wire-
less power transmission system to achieve a more perfect CR
system.
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