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Abstract—This paper presents the design of a novel in-
sertable robotic capsule camera system for single incision
laparoscopic surgery. This design features a unified mechanism
for anchoring, navigating, and rotating an insertable camera by
externally generated rotational magnetic field. The design is in-
spired by the spherical motor concept where the external stator
generates anchoring and rotational magnetic field to control the
motion of the insertable robotic capsule camera. The insertable
camera body, which has no active locomotion mechanism on-
board, is capsulated in a one-piece housing with two ring-
shaped tail-end magnets and one cylindrical central magnet
embedded on-board as a rotor. The stator positioned outside
an abdominal cavity consists of both permanent magnets and
electromagnetic coils for generating reliable rotational magnetic
field. The initial prototype results in a compact insertable
camera robot with a 12.7mm diameter and a 68 mm length.
The design concepts are analyzed theoretically and verified
experimentally. The experiments validate that the proposed
capsule robot design provides reliable camera fixation and
locomotion capabilities under various testing conditions.

I. INTRODUCTION

INGLE Incision Laparoscopic Surgery (SILS) is a pop-
S ular minimally invasive surgery technique. Its benefits
include less bleeding, less post-operative pain, faster inci-
sion recovery, and better cosmetic results compared with
multiport surgeries [1]-[3]. However, a single incision limits
the manipulation and triangulation of surgical instruments,
especially for a conventional long-stick laparoscopic camera.
To solve this problem, manually maneuvered insertable la-
paroscopic cameras were developed in [4]-[7] with magnetic
fixation and positioning.

To improve surgical experiences, researches have focused
on developing automatic actuation mechanisms for an in-
ertable laparoscopic camera. One major challenge to design
such a camera system is the development of its actuation
functions, which are (1) fixation that holds the cameras in
stable positions; (2) translation that repositions the cameras;
and (3) rotation that manipulates the cameras to desired
orientations. The existing laparoscopic camera designs have
addressed separate or partial-function-combined actuation
mechanisms. A tethered laparoscopic camera, which can be
fixed against an abdominal wall by suturing, used two DC
motors and peripheral mechanisms for its rotation control [8].
A wireless laparoscopic camera with a needle for fixation
was developed to actuate its rotational function (pan and
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tilt motion) by using two on-board motors [9]. Due to
the repositioning difficulty by the fixations of suturing and
needle piercing, magnetic anchoring was applied to address
this issue. External permanent magnets (EPMs) were utilized
to couple with internal permanent magnets (IPMs) inside
cameras for fixation, translation and pan motion, while on-
board motors were reserved to generate tilt motion [10]-[12].

Researches so far have addressed separate mechanisms
with on-board motors for anchoring, translating, and rotating
robotic insertable laparoscopic cameras. However, the on-
board motors require not only complex peripheral mech-
anisms that result in bulky articulated designs, but also
consume extra on-board power which leads to short battery
life for a wireless camera design. There is a need to develop
a unified, motor-free, automatic actuation mechanism for a
wireless insertable laparoscopic camera.

This paper proposes the final design and a successful
prototype of an innovative motor-free actuation mechanism
for wireless laparoscopic capsule robots based on our prior
work [13], [14]. As illustrated in Fig. 1, the key component
and novelty of the capsule robot is the permanent magnetic
driving unit, which is referred to as a rotor, driven externally
by a specially designed magnetic stator. The rotor, consisting
of three IPMs that are distributed at tail-ends and central
housing of the capsule robot, can be magnetically coupled
to a stator placed externally against or close to the dermal
surface. The fixation, translation, and rotation functions of
the rotor can be achieved by adjusting the magnetic field
from the stator.

Our first design proposed a spherically arranged rotor and
stator [13]. Although the design benefited from the small
capsule size and simple fabrication, more than 5 A current
inputs of the stator coils are required for stable motion
control, and resulted in coil overheating. To overcome this
issue, a line-arranged rotor and flat arranged stator design
was conceptually proposed and validated in simulation [14].
The subsequent experimental validation showed that the
robot control with 17 stator coils required a complex algo-
rithm which degraded the control reliability for a practical
application.

The contributions of this paper beyond our prior work
include: 1) a novel motor-free unified actuation mechanism
as the final design that combines EPMs and coils in the stator
to provide reliable actuation capabilities for the robot; 2)
analytical models and control strategy of the final design
for the robot tilt motion control; and 3) a demonstration
of the fabricated prototype, with an investigation of the
robot actuation capabilities under controlled experimental
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Fig. 1. Conceptual illustration of the locomotion mechanism for the camera
robot.

environments.

II. CONCEPTUAL DESIGN AND APPLICATION SCENARIO
A. Conceptual Design

The objective is to design a unified active locomotion
mechanism for a fully insertable wireless laparoscopic cam-
era robot with no motor on-board. As conceptually illustrated
in Fig.1, the locomotion mechanism consists of (1) a rotor
with two tail-end IPMs (tIPMs) and one central IPM (cIPM),
and (2) a stator with two coils, two side EPMs (SEPMs),
and one central EPM (cEPM). In the stator that placed
externally against an abdominal wall, the EPMs and the coils
are orthogonally arranged. In the rotor that pushed against an
abdominal wall internally, the robot body can rotate freely
related to the ring-shaped tIPMs , and the diametrically
magnetized cylindrical cIPM is fixed with the robot body.

The stator-rotor mechanism is designed to enable orienta-
tion (rotational control), navigation (translational control), in
addition to the compensation of the gravity of the camera
(fixation control). The robot orientation consists of pan
motion and tilt motion. The pan motion requires torque along
Z; axis of the robot, and the tilt motion control requires
torque along X; axis. The robot navigation requires forces
along X;,Y;,Z; axes, with the force along Z; axis providing
fixation of the robot against the abdominal wall. The robot
navigation control is provided by moving the stator along the
dermal surface with the attractive forces between the sSEPMs
and the tIPMs. A spinning motion of the stator along Zg can
actuate the robot pan motion by coupling the magnetic field
of the sEPMs and the tIPMs. Due to the dominated magnetic
field from the sEPMs at the location of the cIPM, the cEPM
with its north pole pointing downside is used to eliminate
the influence from the sEPMs on the cIPM by adjusting
the cEPM displacement along Zg. In this way, the robot tilt
motion can be effectively actuated by the magnetic coupling
between the coils and the cIPM.

The open-ended research problem of this paper is twofold:
(1) the optimal vertical displacements of the cEPM Ad with
respect to different abdominal wall thicknesses %; and (2)
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Fig. 2. Application scenario of the laparoscopic capsule camera robot.

the control model of the robot tilt motion. The detailed
discussion is presented in Section III.

B. Application Scenario

Fig. 2 illustrates an application scenario of the proposed
laparoscopic camera robot. To insert the camera robot (A1)
into the patient’s abdominal cavity, a trocar is firstly applied.
The robot is introduced into the abdominal cavity with
surgical forceps, and fixed against the abdominal wall at an
initial position (A2) by a stator (A3). A surgeon (D) sends
signals of desired robot poses to the motion control system
(E) by using a user interface. The camera robot at (A2) sends
imaging information to the display terminal (C) through the
wireless communication module (B).

III. MODELING OF LOCOMOTION MECHANISM

This section aims at developing an analytical control
model to generate appropriate magnetic fields from the stator
for the tilt motion of the rotor. The goal can be achieved by
solving two problems: first, the EPMs should generate the
least magnetic coupling with the cIPM by identifying optimal
vertical displacements of the cEPM with respect to different
abdominal thicknesses; and second, the robot dynamics for
the tilt motion control should be modeled by considering the
magnetic force and torque between the stator and the rotor,
and the frictional force and torque between the rotor and an
abdominal wall.

To clarify the relationship between the stator and the rotor,
coordinate systems are defined in Fig. 1, and explained as
follows:

e 2Xgi{XEi, YEi, ZE;} represent the coordinate systems of

the EPMs, i = 1,2,3.
e Xci{lXcj,Ycj, Zcj} represent the coordinate systems of
the coils, j = 1,2.

o X5{Xs,Ys,Zs} and X;{Xy,Y,Z;} represent the internal

coordinates of the stator and the rotor respectively.

o XZic{X1c,Yie,Zy o} represents the body attached coordi-

nate systems of the cIPM.

A. Optimal Vertical Displacement of cEPM

The criteria of the optimal vertical displacement Ad of the
cEPM is to minimize the magnetic field generated by the
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Fig. 3.  Unified magnetic field model. (a) The multiple-pair magnetic

dipoles. The magnetized direction is along +Z axis. L represents the distance
between positive and negative magnetic charges. a represents the diameter
of the cylinder space where the magnetic dipoles are distributed. (b) The
magnetic charge distribution on the positive charge surface. The magnetic
charge sampling line on +Y axis with Aa interval distance rotates around
Z axis with an interval angle A6.

three EPMs at the location of the cIPM. Since the location
of the cIPM with respect to the stator is determined by an
abdominal wall thickness h, the objective is to develop a
function for Ad with & as the variable.

1) Magnetic Field Analysis of the Stator: Due to the
fixed relative positions of the EPMs and the coils, the
stator magnetic field can be calculated by superimposing the
magnetic fields from the EPMs and the coils [14]. The whole
stator magnetic field B € R3*! in Zg is formulated as

3 2
B,(Py) = > Rp;BL+ > Re;Bll;, (1)
i=1 j=1

where Bé € R3*! denotes the magnetic flux density of the
i'" EPM in Xg;: BY € R3x1 represents the magnetic flux
density of an iron-core coil with unit current in Zcj; I¢;
are the coil current inputs; Py represents a spacial point in
Zs; Re; € R and Re; € R**3 represent the rotational
matrices from Xg to Xg; and from X5 to Zc; respectively.

Assume that P; = (0,0,—h)7 is the location of the cIPM
in g and the coils are deactivated with I.; = 0. According
to (1), the objective function that characterizes the optimal
vertical displacement Ad can be represented as

2
B,(0.0,—h) = > Rp;BL +Rp3Bi(P3) =0, (2)
i=1
where P3 = R&(0,0, —h—Ad)T is the point P; = (0,0, -mT
represented in Xg3; Bz represents the magnetic flux density
of the cEPM.

2) Unified Analytical Model of B, and B": The represen-
tation of the stator magnetic field in (1) and the identification
of the relationship between Ad and h in (2) both require
analytical models of the EPMs and the coils. Inspired by
[15], B, and BY can be represented in a unified multi-pair
magnetic dipole model due to the cylinder shape of the
EPMs and the coils. Compared with a single-pair magnetic
dipole model applied in [14], a multi-pair magnetic dipole
model has more abilities to achieve an accurate magnetic
field estimation.
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Fig. 4. Dynamic analysis of the robot tilt motion.

The unified magnetic field model is illustrated in Fig. 3.
The positive and negative magnetic charges are distributed
on the top and bottom surfaces of the cylinder in Fig. 3(a).
Fig. 3(b) shows the arrangement of magnetic charges on the
positive surface. Because the magnetic charges are symmet-
rically distributed around Z axis, only a quarter values of
the magnetic dipoles need to be estimated by using numer-
ical magnetic field data. By summarizing all the magnetic
dipoles, the magnetic flux density By € R3*!, which can be
used as BY or BY, is expressed by

KWL Nm
_ Mo Mo T
BO— Em0r00+aizljzlml]rt]s (3)
Tij = Qijn/1Qi P = Qij—/1Qij- I, ©))

where m;; is the strength of the i 7' magnetic dipole, and
myg is the strength of the magnetic dipole at the center; K,
denotes the number of magnetic dipoles radially, and N, is
the number of magnetic dipoles for a single loop; Q;j./—
represents a vector from the location of positive/negative
magnetic charge P,,;;+/P,,;j— to a point P in space.

3) Optimal Displacement Ad = f(h): Due to the highly
nonlinear property of (2), it is difficult to explicitly represent
Ad with h as the variable. An alternative way to develop
this function is to build a lookup table by giving a range of
abdominal wall thickness values h. After searching for Ad
that satisfy (2), the optimized Ad values are stored in the
lookup table. To this end, the optimal vertical displacement
of cEPM Ad can be identified in real time for different
abdominal wall thicknesses /.

B. Control With Electromagnetic Coils

The robot tilt motion is activated by the magnetic coupling
between the coils and the cIPM. I.; and ., are represented
as the current inputs of the coils, and 6 is represented as the
rotational angle of the robot tilt motion. The robot dynamics
need to be studied for developing the relationship between
the control inputs I.1,1.» and the output 6.

Fig. 4 shows the dynamic analysis of the robot tilt motion.
The torques that affect the tilt motion along X; include (1)
T, which is the magnetic torque on the cIPM from the coils
and the EPMs of the stator; (2) Ty pas Which is the magnetic
torque on the cIPM from the tIPMs along X;; (3) Ty and T
which are the frictional torque of the robot-tissue interaction
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and the torque due to the robot gravity along X;. The bold
fonts Ty, T;7ppm, Ty, and Ty are used to represent the torque
vectors with the components along X;,Y;,Z;.

We assume the cIPM is described by a body-attached
magnetic moment M € R**! with a constant magnitude in
ampere square meter. The torque on the cIPM generated from
the stator, in newton meters, can be expressed as

T, =M x (RLBy), (5)

where Rg € R*>*3 represents a rotational matrix that transfers
B, from Xg to £; [16]. According to the setting of £g and
>y in Fig. 1, Rg is an identity matrix. Combined with (1),
(5) can be further represented as

T, =M x () Rg/BL)+(M x ReiBY) Iy
| ——

E Ci
+ M x ReaBY) Iz, (6)
—_—
C;

where E € R3*! denotes the torque from the EPMs, i=1,2,3;
C; € R**! and C, € R**! denote the unit current torques
from the coils. Benefiting from the analytical magnetic field
model in (3), E, C;, and C; can be computed in real time.

The non-zero components in Ty and T;;pps are the x-
components represented by Ty and T;;pps. Tr is determined
by Fusr as illustrated in Fig. 4, which is the attractive
force from the magnetic coupling of the tIPMs and the
EPMs. As Fuir = fi1(h) and Tyrpyr = f2(0) are functions
of an abdominal wall thickness 4 and the robot tilt angle
0 respectively, f1 and f> can be modeled by polynomial
approximation

n+l m+l

Al = "™ fa0) = Y &om L)
k=1 k=1

where 7n; and & are the polynomial coefficients to be
determined by experimental data; n and m denote the orders
of f and f>.

By representing w = [6,0,0]” as the angular velocity of
the robot tilt motion, the dynamic model can be formulated
in Xy as

Ts+Tipm+Tr+Ty =To+w xTow, (8)

where I € R3*3 is the moment of inertia in the body attached
frame Xj_; Rf" € R3*3 is the rotational matrix from X; to
%I = Rf“ -I- (Rf“ )T is the moment of inertia of the rigid
body in X;.

Since the tilt motion is actuated along the X; axis, only the
x components need to be considered in (8). By substituting
(6) and (7) in (8), the dynamic equation is reformulated as

Ex +Cixle1 +Coxler +Tirpm + /J(Fattr - mg)rf
+mgrg sinf = aib, (9)
where E,,Cix,Cs, are the x components in E,C;, and C,

respectively; u is the frictional coefficient between the robot
and an abdominal wall; mg represents the gravity of the

232

~

===p19mm x H19mm N52

—— p19mm x H38mm N42

— $25.4mm x H25.4mm N52
—he— $31.75mm x H31.75mm N42

hl n 60 mm E,

3

» (3]

w

Attractive force [N]

N

20 25 30 35 40

h [mm]
Fig. 5. Attractive force between sEPM candidates and the tIPMs.

robot; 7y and r, denote the lever arms of the friction force
and the gravity force to generate 77 and Ty ; aj; denotes the
element of 1/ row, 1’ column in I;

To generate a desired tilt angle for the robot, the coil
current inputs /.; and ., can be found by applying pseu-
doinverse to

C,I. =G, (10)

where Cy = [Cix,Cox] € R1><2; I, = [IclaICZ]T € R2X1;
G represents the summation of the remaining terms in (9).
Because C, has a full row rank, the solution of the current
input vector I. can be calculated by using

I. = CcIc.chHlG. (11)

IV. PROTOTYPE DEVELOPMENT AND EXPERIMENTAL
VALIDATION

In this section, COMSOL Multiphysics 5.0 (COMSOL
Inc., Sweden) was used as the measurement tool of magnetic
forces and torques for the stator and rotor design, and the

benchmark for evaluating the analytical models in Section
1.

A. Robot Fabrication and Experimental Environment Setup

1) Rotor design: To compromise between reserving suf-
ficient space for on-board electronics and a compact robot
design, the robot was fabricated with the dimensions of
68 mm in length and 12.7mm in diameter. The IPMs ap-
plied in the robot design were diametrically magnetized
with the material of NdFeB Grade N42 (K&J Magnetics
Inc.). The tIPMs were ring-shaped magnets with dimensions
of 12.7mm outer diameter (OD), 4.76 mm inner diameter
(ID), and 6.35mm thickness. The cIPM is a cylindrical
magnet with dimensions of 6.35 mm diameter and 12.7 mm
thickness. The total weight of the robot was estimated as less
than 30 g by considering the candidate on-board electronics.

2) Stator design: The stator design follows three steps to
enable sufficient actuation capabilities: (1) SEPMs selection;
(2) cEPM selection; and (3) coils design. Fig. 5 shows
the attractive force between the tIPMs and the candidate
sEPMs which are off-the-shelf permanent magnets (K&J
Magnetics Inc.). Under various abdominal wall thicknesses
h, the magnet with the dimension ¢25.4mm X H25.4 mm,
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comparison result of translational force Fy in X direction, and frictional
force Fy in -X direction with the stator offset distance 0 ~ 10 mm. (b) The
comparison result of pan motion torque 7; and frictional torque Tr.

which generated more than 4 N force at 4 = 20mm and 1 N
at 40 mm, provided reliable fixation force without causing
undesired histological damages [18].

The cEPM was selected as an axially magnetized cylin-
drical magnet with 22.22 mm diameter, 28.57 mm height to
reduce the magnetic field on the cIPM from the sEPMs.
Fig. 6(a) shows that the translational force F in X direction
can overcome the frictional force Fy in -X direction under
40 mm abdominal wall thickness. Fig. 6(b) shows the pan
motion torque 7, from the EPMs can overcome frictional
torque T after a relative rotational angle ¢ = 2° was reached.

The dimensions of the coils were determined as 50 mm
height, 50 mm OD, 10mm ID, and iron cores with 60 mm
length based on trial-and-error experiments, which indicated
the dimensions compromised compact coil size with suffi-
cient strength of magnetic field. The winding wire in the
coils were AWG23 copper wire with 2,000 turns (TEMCo
Inc.). The iron cores are made by EFI Alloy 50 from Ed
Fagan with maximum permeability 10,000. For the safety
consideration, the coil input current is limited to 1.5 A for
preventing coil overheating.

3) Current control system: A tethered current control
system was developed by the PWM technique. The system
consists of a micro-controller (STM32F4Discovery, STMi-
croelectronics Inc.) to generate PWM signals, two PWM
amplifiers (L6205 DMOS Full Bridge Driver, STMicroelec-
tronics Inc.) to amplify the signals, a power supply for pow-
ering up the amplifiers, and a PC computer to send control
command to the micro-controller via a serial communication.

4) Experiment platform setup: Fig. 7(a) shows the
overview of the experimental environment. The robot system
was fabricated by a 3D prototyping machine (Fortus 400mc,
Stratasys Inc.). To simulate the viscoelastic properties of a
real insufflated abdominal wall (average Young’s modulus
32.5kPa) [17], a viscoelastic material Durometer 40 with
(Young’s modulus 27.57 kPa at 15% deflection, Sorbothane,
Inc.) was applied as illustrated in Fig. 7(b). The initial
abdominal wall thickness was 26 mm (tissue layer 15 mm,
support layer 11 mm), which can be adjusted by increasing

233

(2)

gl J

Fig. 7. Experimental environment and the fabricated capsule robot system:
(a) experiment setups for evaluating the robot locomotion capabilities; (b)
the simulated abdominal wall tissue made by a viscoelastic material; (c) the

stator design; (d) the rotor design.
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Fig. 8. Stator magnetic field model evaluation. (a) The testing region of the
EPMs. (b)-(c) The EPMs magnetic fields generated by the analytical model
and a FEM model separately. (d) The testing region of the coils. (e)-(f) The
magnetic fields of the coil in the testing region. (¢) and (f) were generated
by the analytical model a FEM model respectively.

the distance between the stator and the support layer. The
vertical displacement Ad of the cEPM can be manually
adjusted at this stage. A lubricated rotor-tissue contact layer
was added to the bottom of the viscoelastic material for
mimicking an internal abdominal wall surface.

B. Analytical Model Evaluation

1) Stator magnetic field: Fig. 8 shows the experimental
validation for the stator magnetic field model developed in
(1) and (3). Considering the working space of the cIPM,
20 mm X 20 mm magnetic field testing regions were designed
on both the XgZg plane and the ZgYs plane for validating
the EPM field and the coil field respectively as illustrated in
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Fig. 10.  Evaluation of the analytical torque model on the cIPM. The
torques calculated by FEM models serve as benchmarks to compare with the
torques generated by the analytical model in (6) under different abdominal
wall thicknesses.

Fig. 8(a) and (d). The vertical displacement of the cEPM was
set as Ad = Smm for Fig. 8(a) and the coil current inputs
were set as 1.1 = 0,1.» = 1 A for Fig. 8(d). The comparison
results of the magnetic field maps generated by the analytical
model and a finite element model (FEM) indicated that the
developed analytical models can achieve accurate magnetic
field maps.

2) Optimal displacement function of Ad: The optimal ver-
tical displacements of the cEPM Ad, which are the solutions
to (2), are illustrated in Fig. 9 by giving several abdominal
wall thicknesses &. Since the only non-zero component of
the stator magnetic field along Zg axis is B, when the coils
are deactivated, the optimal Ad can be found by searching
for the one that makes B, = 0. Fig. 9 shows the optimal
Ad = 17.7mm when h = 20mm and Ad = 0.47 mm when
h =40 mm.

3) Magnetic torque on the cIPM: Fig. 10 shows the
evaluations of the analytical model developed in (6) by
setting abdominal thicknesses as 42 = 20mm, 30 mm, and
40 mm. The magnetic torque on the cIPM was generated by
fixing the coil current inputs as I.; = 1 A and 1., = 1A,
while changing the cIPM tilt angle 6 from 0° to 60°. The
average error between the analytical model and the FEM
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model is 4.58%. The results also validate the assumption we
made for developing (5).

4) Polynomial coefficients: The experiment data for es-
timating the polynomial coefficients in (7) were acquired
from FEM models developed in COMSOL. The orders of
f1 and f, were determined as n = 3 and m = 5 with average
errors 0.16% and 0.48% respectively. The coefficients were
estimated as 71 = —0.0925, n, = 0.252, n3 = —-0.603,
n4 = 1.196 for f1, and & = =2.66x 1075, & = —2.55%x 107,
£ =445 x 1074, & = 1.13 x 1074, &5 = —2.42 x 1073,
&6 = —4.91 x 1072 for f>.

C. Experimental Validation

1) Range of Tilt Motion: To measure the range of the
robot tilt motion, I.; and I., were initially set at their
maximum 1.5 A. Then .| was linearly changed from 1.5 A
to —1.5A in 5s. To indicate the tilt angles, a protractor
and an angle pointer were applied as shown in Fig. 11.
The maximum achievable tilt angles with abdominal wall
thickness 26 mm and 40 mm were measured as 72° and 78°
by setting Ad at 9 mm and O mm respectively.

2) Open-loop Control of Tilt Motion: Due to the lack of
on-board inertial sensing at this stage, an open-loop control
of the robot tilt motion was implemented by (9) and (11).
The total thickness of the simulated abdominal wall was con-
figured as 2 = 30mm. Considering the candidate on-board
electronics that will be integrated in the robot, the moment
of inertia matrix I of the robot was estimated by modeling
it in SolidWorks2013 (Dassault Systémes SolidWorks Corp.)
as

0.174 0  —0.003
I=| 0 3473 0 , (12)
0 0  3.469

where the unit of each element in I is kg mm?. The other
parameters used in (9) were estimated or measured as y =
0.1, ry =4mm, rg = 1.5mm, and mg = 0.26 N.

Fig. 12 shows the experimental results of the current
inputs I.; and I., (Fig. 12(a)-(c)), target angle 6, (red
lines in Fig. 12(d)-(f)), and output tilt angle 6 (blue lines
in Fig. 12(d)-(f)). Three Sth-order desired trajectories, which
are smooth at the angular acceleration level, were generated
by initializing the robot tilt angles as 0° and setting the
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Fig. 12.  Open-loop control of tilt motion. (a-c) Current inputs of /.1 and I.>. (d-f) Target tilt angles and real tilt motion trajectories.

target angles as 20°, 40° and 60°. The generated tilt motion
trajectories were recorded by a video recorder (D90 SLR
Camera, Nikon Corp.) with a capture speed of 24 frames-
per-second. The results validate the tilt motion control model
proposed in Section III-B.

V. CONCLUSION AND FUTURE WORK

In this paper, a novel locomotion mechanism for an
insertable laparoscopic camea is presented, which features
a unified control for fixation, translation and rotation. The
experiments showed that the system provides reliable an-
choring, translation, 360° continuous pan motion control,
and fine tilt motion control with at least a 72° maximum
tilt angle under the conditions of 26 mm ~ 40 mm simulated
abdominal wall thicknesses. Pan and tilt motion can be
simultaneously controlled in a decoupled way, which enables
a flexible motion control of the capsule robot to illuminate
and visualize a target surgical area.

In our future work, an abdominal wall thickness sensing
system will be developed and integrated in the stator. The
vertical displacement Ad will be automatically adjusted in
accordance with the sensed 4. The camera on-board electron-
ics will also be integrated. Instead of manually generating the
robot pan motion, an automatic mechanism will be designed,
which actuates the camera pan motion by control signals
from surgeons.
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