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Abstract

This paper proposes a novel Local Magnetic Actua-
tion (LMA) based Laparoscopic Camera (LMALC)
device attached to a cable-driven continuum arm
for high dexterity and wide angle of vision. The
main motivation of this magnetic-based camera
design is to provide the camera the full mobil-
ity across all abdominal quadrants upon insertion
through a laparoscopic incision. The magnetic cou-
pling concept, implemented in the LMALC per-
manent magnet anchoring and actuation units, al-
lows the camera to be completely detached from
the external power unit and conveniently placed
away from the incision point for better view trian-
gulation, without taking up incision port space. In
this study, the kinematic analysis of the magnetic-
based cable-driven manipulator is presented, relat-
ing the pose of the continuum arm and wires dis-
placement to the actuator revolutions driven by the
external magnetic field. Experiments performed on
the developed LMALC prototype platform with re-
spect to varying inter-magnetic distance show con-
sistency and feasibility, closely simulating the the-
oretical model.

1 Introduction

Surgical techniques have advanced significantly to achieve
the aim of minimising surgical trauma to the patients. The
introduction of a new surgical spectrum, with the minimally
invasive surgery (MIS), demonstrated a major advancement
from the open surgical techniques. With only multiple small
incisions ranging from 0.5mm to 12mm around the abdomen
[Leung et. al., 20001, the MIS approach has widely sub-
stituted the open surgery method since the 1990s [Johnson,
19971, offering great patient benefits over open surgery with
lesser postoperative pain and blood loss, better cosmesis and
faster recovery rate [Carbajo et. al., 1999].

Nonetheless, having only small incisions for tool incisions,
the manipulation of conventional rigid surgical laparoscopic

tools is severely constrained by the fulcrum of the incision
point and restricted to a limited workspace in the abdomi-
nal cavity [Lai et. al., 2000]. In addition, surgeons suffer
loss of triangulation, tool collisions, confined view angles
and inconvenient tool operation during surgical procedures.
Many researchers investigate various means to remove the
rigid linkage of the laparoscopic surgical tools to provide the
surgical tools complete deployment and manoeuvrability in-
side the abdominal cavity. The implementation of magnetic
coupling eliminates the need for the surgical instruments to
be connected to the external actuation units through a rigid
body linkages, thus allowing mobility and dexterity of the in-
struments around various quadrants of the abdomen.

Magnetic coupling has been popularly employed to pro-
vide positioning, guidance and anchoring of surgical instru-
ments away from the incision point, pioneered by Cadeddu
and his team [Park et. al., 2007] with the introduction of the
Magnetic Anchoring and Guidance Systems (MAGS). The
investigation of MAGS started with its implementation in
simple MAGS cameras [Park et. al., 2007] and surgical ma-
nipulators [Zeltser et. al., 2007], [Cadeddu et. al., 2009], us-
ing an external permanent magnet (PM) to guide and anchor
surgical tools embedded with an internal PM intraabdomi-
nally. To extend the dexterity of surgical instruments intra-
abdominally. preliminary research targeted on camera sys-
tems as simple instrument platforms incorporating onboard
conventional actuator, i.e. DC micromotors [Hu et. al., 20091,
[Terry et. al., 20012]. These cameras are driven by the in-
ternal on board micromotor to provide additional degrees of
freedom (DOFs), i.e. pan, and tilt motions. Surgical retrac-
tors embedded with micromotors for actuation were also re-
ported [Oleynikov, 2008], [Tortora et. al., 2013].

The idea of actuating MAGS surgical instruments led some
researchers into manipulating magnetic field interaction with
the internal PM to drive the DOFs of the surgical tools. This
created the term, the Local Magnetic Actuation (LMA) sys-
tem. A four DOF cable-driven surgical retractor was devel-
oped by Di Natali et. al. [Di Natali et. al., 2013], utilising
external PMs to transmit rotational motions to internal PM ro-
tors for tool dexterity and manipulation. Simi et. al. [Simi et.
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Figure 1: Schematic diagram of the LM A-based laparoscopic camera

al., 2013] proposed a LESS camera system with its position
controlled by the rotational motion generated by an external
magnetic field. An on board DC micromotor is used for fur-
ther fine tuning of its vision angle.

In this paper, a novel LM A-based laparoscopic camera de-
vice is presented. The two DOF camera device is integrated
with a cable-driven manipulator for high dexterity to achieve
wide vision angle across the workspace in the abdominal cav-
ity, thus eliminating the need in having onboard actuation for
positioning. This allows the camera device to be completely
independent of any actuation unit, driven only by the trans-
mitted actuation forces and torques. Attached to an internal
PM, the camera device has the capability to be anchored at
any quadrant in the abdomen, while the PM rotors are cou-
pled to the respective external PMs for actuation. The kine-
matic analysis of the magnetic-based cable-drive manipulator
is presented and a prototype of the system is developed for
experimental demonstrations and verifications.

2 LMA-based Laparoscopic Camera
Mechanism

The schematic digram of the proposed LMA-based laparo-
scopic camera (LMALC) is shown in Fig. 1. The LMALC
consists of the LMA system and a robotic manipulator which
are explained in the following subsections.

2.1 Local Magnetic Actuation (LMA)

LMA implements the principle of magnetic coupling and
magnetic spur gear to drive the instruments intra-abdominally
[Di Natali et. al., 2015]. The LMA is composed of an anchor-
ing unit to support the camera system during surgery and an
actuation unit to transfer power to internal permanent magnet
(PM) via rotating external PMs, which in turn actuates the
DoFs of the robotic manipulator.

The anchoring and actuation units of the proposed LMALC
are illustrated in Fig. 1. Upon deployment into the abdomi-
nal cavity through the incision point, the LMALC is guided

to a desired position and anchored onto the interior abdom-
inal wall with the anchoring magnet. The internal PMs are
driven by the transmitted forces and torques generated by the
externally actuated external PMs. The internal PMs then ro-
tate the spools which wind and unwind the cables attached to
the end-tip of the robotic manipulator to produce the required
dexterity for camera position and vision. The camera is at-
tached to the end tip of the robotic manipulator, tethered with
a fine cable to the external power unit through the incision
point.

The anchoring and actuation units are stacked in series to
minimise dimension of the LMALC design and for conve-
nient deployment. However, due to the strong magnetic at-
traction between the PMs, metal plates are placed between the
magnets for magnetic isolation and minimisation of magnetic
field interference. Although the PM provides strong magnetic
coupling, it is nonetheless a fixed variable with fixed amount
of magnetic field transmitting torques and forces onto the in-
ternal PM rotors. There is no variable means of control if the
surgical platform is subjected to changes, i.e. when the thick-
ness of the abdominal wall is increased, thus affecting the
inter-magnetic (i.e. in between the external and internal PMs)
interaction. The magnetic field coupling between two PMs
decays exponentially as the inter-magnetic distance increases.
This results in the decrease of transmitted torques across the
abdominal wall. The reduction in transmitted torque when
intermagnetic distance increases will cause pole slipping as
the internal PM rotors will lose the capability to keep up with
the external PMs. Apart from that, the internal and exter-
nal anchoring unit will be decoupled when the inter-magnetic
distance overcomes the magnetic coupling force.

2.2 2DoF robotic manipulator

The robotic manipulator, as shown in Fig. 1, is based on
the cable-driven mechanism which has been widely used in
the design of surgical robotic instruments, especially for the
LESS surgical applications [Kim et. al., 2012], [Abbott et.



al., 2007]. Cable-driven design provides advantages, such as
actuation simplicity, compliance and miniature in size, which
are desirable for surgical tasks that require high dexterity in a
confined workspace.

The robotic manipulator is in form of continuum arm and
actuated by pulling four wires to produce movement in two
DOFs. In order to determine the relation between the length
of wire, which is pulled, and tip angle and pose, the following
kinematics analysis of the manipulator is performed.

Pose of robotic manipulator (continuum arm)
The schematic digram of the manipulator is shown in Fig.
2. Let a be an arbitrary point located at length / along the
primary backbone. Assuming the primary backbone has con-
stant curvature gives:
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where [; is the full length of the arm, [ is the angle of the
distal tip relative to the Z axis, [ is the length along the pri-
mary backbone to point a and 6 is the angle at point a. Thus,
the position of point a in the bending plane (Frame 1) can be
expressed as:
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Now, converting the bending plane to the inertial reference
frame gives the position of point a:
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Therefore, any arbitrary point located at distance / along the
primary backbone can be found based on the generalised co-
ordinates y and 3.

Mapping generalised coordinates to wire displacement
Assuming constant curvature of the arm the following rela-
tionship for the wire displacement can be derived:

qi = Breos(y+B), Q)

where ¢; is the displacement of wire i within the arm, r the
radial distance between the primary backbone and wire i and
P, the angle between the bending plane and wire i on the face
of the arm plate. Therefore, a given pose of the continuum
arm defined with the generalised co-ordinates ¥ and 8 can be
converted to wire displacements g;.

Figure 2: Diagram of continuum arm with coordinate frames
and generalised coordinates

Modified wire displacement using straight line segments

The original derivation assumed wires to curve with constant
curvature. This assumption is not valid for low number of arm
plates and large bending angles. This can be corrected by
assuming the wire travels in straight line segments between
each arm plate. This leads to the following displacement cal-
culation. Let R; be the wire arc radius given by:

Ri= % —rcos(Y+P,). (5)

Let n be the the number of equally spaced arm plates. Now
dividing the arc into n segments with each segment subtend-
ing an angle given as g The length of a single segment, C, is
given as:

C = 2R;sin( P

n

)- (6)

The wire is made up of n segments, thus the displacement
of the wire can be calculated as

gi=L—nC=1— Zn(% - rcos(}/JrP,-))sin(f—n). (7
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Figure 3: Experimental setup of LMA-based laparoscopic camera

This relation can be used to control the pose of camera at-
tached to the tip of this arm in any desired view angle. In the
Section 4 this relation is validated experimentally.

3 Experimental Setup

The experimental setup, as shown in Fig. 3, is composed
of an actuation unit, an anchoring unit and a robotic manip-
ulator. The actuation unit consists of DC motors, external
and internal PMs, gearboxes and spools. DC motors (1331-
006 SR, Faulhaber, Germany) with nominal voltage 6V, were
connected with the external PMs by a three-to-one ratio bevel
gear set to provide higher torque. Two-channel encoders
(IE2-400, Faulhaber, Germany) with 400 lines per revolution
were attached to the motors to track the number of motor rev-
olutions. All magnets used in magnetic anchoring and actua-
tion are made of NdFeB, grade N42 (K & J Magnetics). The
external and internal PMs are cylindrical. The external PM
has diameter and length of 25.4mm and the internal PM has
diameter and length of 9.5mm. The external anchoring mag-
net has dimension: 19mm x 19mm x 9.5mm. The internal
anchoring magnet is cylindrical with diameter and length of
9.5mm.

As shown in Fig. 4 The internal actuation unit contains two
planetary gearboxes (PM 12, Broadway Gear, Texas) with ra-
tio 121.45:1 and rated efficiency of 73%. Each gearbox has
a diameter of 12mm and length of 20.7mm. The spools are
directly connected to the output of the gearboxes. Each spool
has two groves which allow two wires to be wound in op-
posite directions; this configuration enables retraction of one
wire while releasing the other giving the desired actuation for
the continuum arm. The grove has a diameter of 6mm; it also
has guides to avoid tangling of the wires.

The robotic manipulator is made of 3D printed wire guides
fixed on a backbone. The primary backbone of the robotic
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Figure 4: Internal actuation unit

manipulator is made of styrene tubing filled with multiple
NiTi wires. The super-elastic property of the NiTi wires en-
sures the backbone stays within the elastic region under high
deflection. The wires are made of braided steel to minimise
strain under tension while providing flexibility. The tip of the
robotic manipulator consist of a camera with light-emitting
diodes for illumination.

It was found that the external magnets interfere with each
other quite significantly. This issue was addressed by placing
6mm carbon steel plates between each magnet. The plates
provide a high permittivity for the magnetic flux thus mitigat-
ing the interference.

4 Experimental Results

An experiment was conducted to obtain the relationship be-
tween the number of motor revolutions to the angle of the
tip at different distances, &, between the external PM and in-
ternal PM. The number of motor revolutions was input at 20



motor revolution: 0
tip angle (degrees): 0

rotor revolution: 280
tip angle (degrees): 113.68

motor revolution: 80
tip angle (degrees): 21.8

rotor revolution: 380
tip angle (degrees): 161.13

motor revolution: 180
tip angle (degrees): 62.79

rotor revolution: 480
tip angle (degrees): 188.36

Figure 5: Tip movement of robotic manipulator
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Figure 6: The relation between motor revolutions and tip an-
gle (B) for different distances between external and internal
PM (h)

revolutions each step and pictures of the robotic manipulator
(continuum arm) were then taken (Fig. 5). For a set distance,
h, this procedure was repeated until the tip angle reaches ap-
proximately 180°. The tip angles were determined by post
processing the images.

As shown in Fig. 6, six sets of data were collected through-

out the experiment. These data were plotted against the the-
oretical model. The experimental data shows a shift on the
horizontal axis due to slack in the wire at the start of the
test. The gradient of each test followed that of the theoret-
ical model closely thus verifying the theoretical model. The
test was repeated with different distance between the external
driving PMs and the internal driven PMs, . The maximum
tip angle decreases with larger distance due to the decrease
in magnetic attraction between the external and internal PMs.
When the tip angle reaches its roll-off angle, the magnets de-
coupled since the torque required to increase the tip angle is
too high. At this point, pole slipping occurs. This can be
observed in Fig. 6 as the decrease in gradient at the high tip
angles.

5 Conclusions

An innovative LMA-based surgical camera for laparoscopic
surgical approach has been proposed in this paper. The mag-
netic coupling strategy and cable-driven mechanism design
provide the advantages of not requiring onboard actuators
and power units as well as the ability of miniaturizing the
LMALC design for high degree of intra-abdominal mobility
and dexterity. Kinematics of the cable-driven manipulator re-
lating to the motor rotations driven by external magnetic field
is presented. Finally, experimental analyses onto the LMALC
prototype with varying inter-magnetic distances based on the
derived theoretical model were performed. The experimental
results demonstrated feasibility and repeatability of the de-



sign, which is promising for further studies in the design of
controllers.
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