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Abstract—A capsubot (capsule robot) which works on the
principle of internal reaction force has no external moving parts
whereas a conventional robot has legs and/or wheels. It is an
underactuated mechanical system and has a lot of potential
applications such as medical diagnosis, underground pipe leak-
age detection, rescue work in the hazardous environment etc.
However, most capsule robots studied/developed can only move
in one dimension (1D). This paper presents the implementation
of the recently proposed double parallel mass capsubot which
uses two parallel inner masses (IMs) to move the capsubot in
two dimensions (2D). A three stage control strategy is proposed
to resolve the control issue of underactuated mechanical system.
A closed-loop control approach is applied to the IMs of the
capsubot. The comparison with the simulation studies are also
obtained and analyzed.

I. INTRODUCTION
Minimally invasive diagnosis and interventions feature

safe and reliable techniques and result in shorter hospital
stays, less pain, more rapid return to daily work, and im-
proved immunological response compare to the conventional
ways. Thus relevant researches have gotten extensive interest
to develop minimally invasive devices for surgical and diag-
nostic applications [1], [2], [3], [4]. Robot-assisted laparo-
scopic and thoracoscopic surgeries are becoming popular be-
cause of its less invasiveness and reliability [5]. Researchers
are designing mobile robots to perform abdominal surgery
which will further decrease the invasiveness [6], [7], [8].
Passive capsule endoscopy has been used to diagnose GI

(gastro-intestinal) tract diseases which is safer for the patient
and easier to perform compare to the conventional probe
endoscopy. Research is ongoing in order to add mobility to
capsule endoscope to increase the reliability, performance
and add functionalities such as biopsy, drug delivery, surgery
etc. Mobile robots designed for abdominal cavity as well as
GI tract can be divided based on the propulsion mechanism
used as 1) external propulsion robot (i. magnetic propulsion
[9]) 2) internal propulsion robot (i. wheeled [10] ii. legged
[11] iii. internal reaction force propulsion robot [12]) and
3) hybrid propulsion robot (combination of external and
internal) [13].
The sharp edges of legs or wheels of the internal propul-

sion robots create the risk to injure the tender GI track
and internal organs. Also to perform magnetic propulsion it
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requires large external magnet [9] which makes the system
expensive.
On the contrary the capsubots based on internal reaction

force are simple in construction and have no external legs or
wheels [14], [15]. The structure of the principle is derived
from [16] where impact force and dry friction is utilised to
create motion. A mass attached to the main object through a
piezoelectric element, is made to move away from the main
object rapidly and then to return to the initial position slowly
with a sudden stop. The main object moves during the rapid
motion and at the stopping moment and remains stationary
for the rest of the time. The object can move along a straight
line by repeating the above process. In [17] the propulsion
principle was analyzed from the viewpoint of physics and
a control law and optimum parameters of the system were
proposed. In [18], [19], the motion generation of a single
mass capsubot was explained on the basis of a four step
velocity profile which is, fast motion for first two steps
and slow motion in the last two steps. In [15], the motion
generation of the capsubot was explained on the basis of
a seven step velocity profile which is, fast motion in the
first three steps and slow motion in the rest of the steps. A
pendulum-driven cart was analysed in [14] with a six step
velocity profile. In [12], motion of a single mass capsubot
was explained on the basis of a novel four step acceleration
profile and a stand-alone prototype was developed based on
the profile.
However, except [20] all the capsubots researched so far

can only move in one dimension (1D) with their present
designs. In practical applications, high dimensional move-
ments of a capsubot is required. In [21] a double-pendulum
driven cart was proposed for 2D movements and simulation
results was presented. But this cart has wheels and thus
lacks the advantages of a capsubot which is legless and
wheelless. In [20] a capsubot with 2D movements was
proposed and theoretical analysis was performed. In this
paper practical implementation of the capsubot proposed in
[20] is presented. The experimental results are analyzed and
compared with the theoretical results.
The paper is structured as below. Section II presents the

modelling and motion generation of the capsubot. Prototyp-
ing and programming of the capsubot prototype is explained
in section III. Section IV proposes a control strategy for the
underactuated mechanical system and explains the control
of the 2D capsubot. Section V presents experimental results,
compares them with simulation results and analyses them.
Finally in section VI the paper is concluded and future
direction of the research is presented.
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Fig. 1. Schematic diagram of double parallel mass capsubot [20]

II. MODELLING AND MOTION GENERATION
A. Dynamic Modelling
The capsubot proposed in [20] is shown in Fig. 1. Two

IMs are placed in the hollow spaces within the capsubot.
IMs can move along the hollow spaces. By controlling the
movements of IMs the capsubot can be moved in a 2D plane.
It can perform linear, rotational, and 2D motions.
The capsubot dynamic models are as follows [20]:

Fi = miẍi + sgn(ẋi − ṙ)μimig ∀ i = 1, 2 (1)
∑

F = −m1ẍ1 −m2ẍ2 = Mr̈ + sgn(ṙ)μMg (2)
∑

MG = m2ẍ2l2 −m1ẍ1l1 = Iθ̈ +Mf (3)

where sgn(ẋi − ṙ)μimig is the friction force between
the IMi and the capsubot; sgn(ṙ)μMg is the friction
force between the capsubot with the environment; Mf =

sgn(θ̇)2
3
μrP (r2 +

wl−πr2
2

πr1
) [20] is the frictional moment of

the capsubot with surface of movement and I = 1

12
M(l2 +

w2) is the moment of inertia of the capsubot about z-
axis through the mass centre of the capsubot. Rest of the
parameters are explained in Table I.

B. Motion Generation
In motion generation, we consider the following 3 cases:

1) Linear motion; 2) Rotational motion and 3) 2D motion.
Here we design that m1 = m2 and l1 = l2.

1) Linear Motion: If both the IMs move with same
acceleration i.e ẍ1 = ẍ2 then

∑
MG = 0, and

∑
F �= 0.

Thus for linear motion both IMs follow the acceleration
profile proposed in [12]. As

∑
MG = 0, so θ = 0. Thus,

x = r and y = 0 ( using x = r cos θ and y = r sin θ).

2) Rotational Motion: If both the IMs move with same
acceleration in opposite direction i.e. ẍ1 = −ẍ2 then∑

MG �= 0, and
∑

F = 0. Here one of the IMs follows the
acceleration profile same as linear motion. The remaining
IM follows an acceleration profile that is same in magnitude
but opposite in direction. As

∑
F = 0, so r = 0. Thus,

x = y = 0. As
∑

MG �= 0, so θ �= 0.

TABLE I
PARAMETERS OF THE CAPSUBOT

Fi Force applied on IMi∑
F Resultant reaction force acting on the mass centre of

capsubot∑
MG Resultant moment on the capsubot about z-axis through

the mass centre of the capsubot
mi Mass of IMi (cylindrical rod with extra mass)
xi Position of IMi with respect to an external fixed frame
r Position of the mass centre of the casubot with respect

to an external fixed frame
θ Angular position of the casubot with respect to an exter-

nal fixed frame
x r cos θ
y r sin θ
M Total mass of the capsubot
w Width of the capsubot
l Length of the capsubot
h Height of the capsubot
μ Dynamic friction coefficient between capsubot and envi-

ronment (plywood table)
μr Rotational friction coefficient between capsubot and en-

vironment (plywood table)
μi Dynamic friction coefficient between IMi and linear DC

motor (LMi)
g Acceleration of gravity
k Total stroke length in one direction

Fipmax Maximum peak force on IMi

Ficmax Maximum continuous force on IMi

ẍimax Maximum achievable acceleration of IMi

li Perpendicular distance of the mass centre of the capsubot
from the direction of forces Fi

r1
1

2

√
l2 +w2

r2 w/2
P Mg

Fig. 2. Squared motion path

3) 2D Motion: By combining the linear and rotational
motion, the capsubot can perform a 2D motion. Squared
motion, rectangular motion, circular motion etc. are examples
of this type of motion.
To travel a-b-c-d-a squared path of Fig. 2 the capsubot

would move ’a’ to ’b’ using linear motion mode and then
it would rotate 90 degree using rotational motion mode and
then again would use linear motion. By using linear motion
and rotational motion alternately the capsubot completes its
travel path a-b-c-d-a.

III. EXPERIMENTAL SETUP

A prototype shown in Fig. 3(a) has been developed to
validate the theoretical analysis performed in [20]. Here the
cylindrical rods of two linear DC motors (LM0830-015-
01) [22] (see Fig. 4(A)) are used as two IMs. The linear
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DC motors (LMs) are placed and attached using adhesive
on a housing made of thin paperboard and thus forms the
prototype. It is connected to a motion controller through
wires. The parameters of the capsubot are listed in Tables
I and II.

(a) Capsubot prototype

(b) Capsubot prototype with controllers and power supply

Fig. 3. Implemented Capsubot

The main components of the linear DC motor (LM) are a
housing or motor shell which houses the coil, Hall sensors, a
PCB (printed circuit board) etc. and a cylindrical rod which
is a permanent magnet. The cylindrical rod can move back
and forth through the housing. The cylindrical rod can move
7.5mm in each direction from its middle position. Here we
used 6 mm and left the rest as a clearance. We added extra
mass to the both ends of the cylindrical rod to increase the
IM mass to capsubot mass ratio. We shall use the term IM
(inner mass) for the cylindrical rod with extra mass in the
rest of the paper.
The motion of the IM is controlled by the motion con-

troller shown in Fig. 4(B). A linear force is applied to the IM
when the coil in the motor shell is energised by the motion
controller. The linear DC motor (LM) can be connected to
the motion controller through wires and a connector. It takes
power from the motion controller. The Hall sensors sense the
position of the IM and feed the data to the motion controller
to form a closed loop system.
The controller is programmed to move the IM from one

location to another location by using a given acceleration
and deceleration. The controller by itself calculates the time
it has to use for acceleration and then deceleration to reach
the desired location. The controller uses three Hall sensors
on each linear DC motor (LM) to take feedback about the
position of the IM and corrects the input to the IM accord-
ingly to maintain the desired acceleration or deceleration and

velocity.

Fig. 4. A) Modified linear DC motor (LM) B) Motion controller

The motion controller is driven by 12V − 30V DC which
is taken from a DC power supply. The motion controller
of the capsubot system is programmed using the Motion
Manager software [22] and the program is transferred from
PC to the motion controller by a RS-232 cable and stored
in the EEPROM of the motion controller. Then the motion
controller can be disconnected from the PC. When the
motion controller is powered the stored program is executed
and the IM moves accordingly. If the motion controller is
connected to the PC the Motion Manager software logs the
data of the linear DC motor (LM).

IV. CONTROL APPROACH

To use the capsubot in various applications the movement
of the capsubot needs to be controlled precisely. The cap-
subot should be able to change its velocity while moving
according to the requirement of the application. Thus we
can state the problem as a position or velocity trajectory
tracking problem. The capsubot is a underactuated system
i.e degrees of freedom to be controlled are greater than num-
ber of control inputs. For underactuated systems trajectory
tracking is still an open issue to be solved. To solve this
problem we divide the problem into three stages which are
described below. The schematic diagram of the complete
control system is shown in Fig. 5.

• Stage 1: For a given trajectory of the capsubot, desired
trajectories of IMs are calculated.

• Stage 2: For the desired trajectories of the IMs, control
inputs i.e forces are calculated (open-loop). The closed-
loop control is achieved by correcting the control inputs
using the error which is the difference between the
measured and the desired trajectories of the IMs.

• Stage 3: Feedback should also be taken from the cap-
subot position and the control input should be corrected
according to the error value for tracking the position of
the capsubot properly.

In this paper stage 2 of the control system is performed
i.e. simulation analysis and experimentation of closed loop
control of IMs are performed for the capsubot. Stages 1 and 3
shall be completed in our future research. The schematic
diagram of the control system for stage 2 is shown in Fig.
6. By implementing this stage the capsubot can perform
linear and rotational motion and by combining these two
can perform 2D motion. If the IMs follow a fixed set of
accelerations the capsubot would have a constant average
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linear or rotational velocity in every cycle. To change the
velocity a different set of acceleration has to be chosen.

Fig. 5. Schematic diagram of 3-stage control system for capsubot

Fig. 6. Schematic diagram of Stage 2 of the control system

Two open loop control laws for the IMs for all the motion
cases are:

Fid = miẍid + sgn(ẋid − ṙd)μimig (4)

The closed loop control laws for the IMs can be selected,
using partial feedback linearization, as [14]:

Fid = ατid + β (5)

where α = mi and β = sgn(ẋid − ṙd)μimg

Let x̃i = xi−xid be the tracking error; choosing the linear
control law τid = ẍi − k1 ˙̃xi − k2x̃i and applying the control
laws of (5) to (1) we get,

¨̃xi + k1 ˙̃xi + k2x̃i = 0 (6)

The values of k1 and k2 can properly be selected using (6).
Then by using the control laws of (5) the IMs can be made
to follow the desired accelerations, velocities and positions
which are given below. The impact of ṙd on β is neglected
in simulation.
From the acceleration profiles in [12] and [20] desired

IMs accelerations for linear and rotational motions are given
below:

ẍid =

⎧⎨
⎩

b1 i t ∈ [0, t1)
b2 i t ∈ [t1, t3)
b1 i t ∈ [t3, t4]

where b1 i is the acceleration of IMi in steps 1 and 4; b2 i

is the acceleration of IMi in steps 2 and 3; t1, t2, t3 and t4
are the time after steps 1, 2, 3 and 4 respectively.
Desired IMs velocities and positions can be calculated

from the desired accelerations. All the simulations in this
paper are performed using Matlab and Simulink with the
help of the control law of (5) and motion equations (1), (2)
and (3).

V. EXPERIMENTAL RESULTS AND ANALYSIS
The acceleration of IMi is constrained by ẍi ≤

min(ẍimax,
Ficmax

mi

). Here ẍimax is 30ms−2 which is a
physical constraint of IMi. Ficmax is the maximum force
that can be achieved on the IMi continuously. On the other
hand Fipmax is the maximum force that the IMi can sustain
for a short time. In this experiment maximum acceleration
used is 20ms−2.
The data of IMs are obtained from the Motion Manager

software and then the curves are plotted using Matlab. To
obtain the data for capsubot movements we recorded the
motion of the capsubot using a video camera and then a
video analysis software Quintic Biomechanics [23] was used
to calculate the position, velocity and acceleration.

A. Experimental Results
• Linear Motion: Fig. 7(a) shows the positions of IM1

and IM2, and Fig. 7(b) shows the currents of LM1 and
LM2 for linear motion. We can see that the IMs move
in the range of -6 mm to 6 mm with a cycle period of
0.15s. The shape of the curves of positions are similar
with a very small difference. Motor currents are also
similar in patterns though there is a small difference
between them.

• Rotational motion: Fig. 8(a) shows the positions of IM1

and IM2, and Fig. 8(b) shows the currents of LM1

and LM2 for rotational motion. We can see that the
two IMs move in the range of -6 mm to 6 mm in the
opposite direction with a cycle period of 0.15s. Though
the IMs are moving in the opposite direction the motor
currents are similar in patterns as the magnitude of the
accelerations are same.

B. Comparison with Simulation
The parameters for the simulation of the capsubot is taken

from the developed prototype and are listed in Table II.
Figs. 9(a)-9(d) and 10(a)-10(d) show the comparison be-

tween experimental and simulation results for the linear
motion and rotational motion. For the linear motion both
IMs has the same acceleration profile. Thus comparison
for IM1 is shown only in Figs. 9(a)-9(d). For the rotational
motion one of the IMs follows the same acceleration profile
as the linear motion and the other IM follows an acceleration
profile that is opposite to the previous one. Thus for the
rotational motion comparison for IM that has the opposite
acceleration profile i.e. IM2 is shown in Figs. 10(a)-10(d).
Although there are some differences between the ex-

perimental and simulation results, their trends are similar.
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Fig. 7. Experimental results for linear motion
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Fig. 8. Experimental results for rotational motion

The differences may be due to several reasons, such as
motor dynamics, sensor dynamics, the other disturbances etc.
which are not considered in the simulation model. We will
investigate these issues further in future experiments.
From Figs. 9(d) and 10(d) we see that in the linear motion

mode the capsubot moves with 8.4 mm/s average velocity.
To move the capsubot in the opposite direction we just
need to change the acceleration of the IMs to the opposite
direction. In the rotational motion the capsubot moves with
13 degrees/s average angular velocity. To rotate the capsubot
in the opposite direction we need to swap the acceleration
profiles between the IMs.
By using the linear motion and rotational motion alter-

nately the capsubot can move in a 2D plane.

TABLE II
PARAMETER VALUES OF THE CAPSUBOT

m1, m2 μ1, μ2 k w l h
6.4gm 0.2 6mm 7cm 8.7cm 3.2cm

g M Fmax l1,l2 μr μ
9.8ms−2 42.9gm 1.03N 11.5mm 0.08 0.28
Fipmax Ficmax Linear b1 1, b1 2 b2 1, b2 2

2.74N 1.03N Motion −20m/s2 5m/s2

Rotational b1 1 b1 2 b2 1 b2 2

Motion −20m/s2 20m/s2 5m/s2 −5m/s2

[]

VI. CONCLUSIONS AND FUTURE WORKS
This paper has investigated the 2D capsubot from both

simulation and experimentation. The paper has the following
contributions: 1) proposed a control strategy for the motion
control of underactuated mechanical systems which is an
open problem till date; 2) validated the early proposed 2D
capsubot design [20] through an initial experimentation; 3)
implemented the closed-loop control strategy for the IMs
of the 2D capsubot; 4) conducted both simulation and
experimentation; 5) compared the experimental and simu-
lation results for demonstrating the proposed capsule robot
movability; 6) proposed measuring the position/velocity of a
capsubot using video analysis software.
This has built our confidence to conduct further research

along this line. We will conduct further experimental test us-
ing different control approaches. Also we will select/propose
more realistic friction model and validate its performance in
different environments.
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