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Abstract: In the past three decades, rod lens endoscopes had facilitated the development and wide spread
applications of video-assisted thoracic surgery (VATS). With the rise of uniportal VATS in recent years,
innovations in surgical instruments should once again complement the advancement in surgical technique.
While articulated flexible endoscopes have expand the field of view, and can alter viewing direction with
minimal maneuvers, they still suffer from problems like trocar crowding and interference with other
instruments. Magnetic anchored endoscopes, on the other hand, may provide unique benefits to VAT'S
by replacing the endoscope rigid rod body with magnetic linkage, thus overcoming the challenge of port
crowding in single incision surgery. Most magnetic anchored endoscopes reported in literature are not
designed for thoracic surgeries. Many of these designs do not allow tilting of endoscopic view, rely on
micromotors for actuation, or are ergonomically unfit to be operated within the spatial constraints seen in
VATS application. Considering these limitations, we have designed two novel magnetic anchored and steered
endoscopes targeted for uniportal VATS. Both designs could be wirelessly actuated by magnetic interaction.
One has a silicone rubber formed soft body for compactness, lightweight and safety, while another is a

40 mm long capsule optimized for VATS spatial constraints.
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Introduction to be safe. Furthermore, VATS is associated with lower
. . . . . morbidity and mortality rate, particularly in the elderly and
Conventional thoracic surgeries often involve creating large . v ] ty rate, p ey Y
L patients with poor pulmonary functions when compared
wounds, such as thoracotomy or sternotomy incisions, to

gain access to the thorax with conventional thoracotomy (3-9).

In the early 1990s, minimally invasive approach to In VATS, multiple small incisions are made to pass

thoracic surgery had gained interest, as application of
cystoscope and rod lens laparoscopes had evolved from
diagnostic to surgical (1). Rod lens laparoscopes were used
to perform lung biopsy without thoracotomy incision,
with patients reporting less postoperative pain (2). Over
the following two decades, video-assisted thoracic surgery
(VATS) lobectomy has become more popular and is shown
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thoracoscopic instruments and the rod lens endoscope
between the ribs (Figure 1A). The endoscopes usually have
a 5-10 mm diameter rigid long shaft and offer fixed viewing
angle at 0° or 30° with a beveled tip (Figure 1B). Altering
view direction involves steering the endoscope shaft body.
This limits the field of vision (FOV) available and increase
the risk of colliding with other instruments.
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Figure 1 Typical VATS setup using rigid endoscope. (A) Illustration of a typical 3-port VATS setup; (B) rigid endoscopes with 0° or 30° tip.

VATS, video-assisted thoracic surgery.

To expand the FOV and allow alternating view with
minimal maneuvers, endoscopes with rotatable reflective
prism or flexible distal joints were introduced (10). The
Olympus Swing Prism Borescope has a rotatable reflective
prism near the distal end, and offers 120° change of
viewing direction, but prism contamination and post-
operative sterilization complicates its surgical application.
The Olympus ENDOEYE FLEX has a flexible distal
section which can be articulated and bend to £100° in two
orthogonal planes, thus allows distal adjustment of view
direction without steering the shaft body, and offers 3D
vision in some models (Figure 24). To widen the bending
range further, and to offer more dexterity, the Cardioscope
includes an adjustable rigid rod that alters the length
of the flexible section, which gives varied workspace
under articulation (11,12). This design offers over 180°
bending, allowing the surgeon to look at the backside of
a target (Figure 2B,C,D,E). Due to limitations of sensors,
the Cardioscope has a lower image quality compared to
commercial systems.

In the pursue of minimizing invasiveness by reducing
the number of access wounds, laparoendoscopic single
site surgery (LESS) has seen rising research interest and
applications in various surgical disciplines, and thoracic
surgery is no exception. Uniportal VATS involves passing
multiple instruments through a single port between the
ribs. In such crowded environment, the endoscope body
increases risk of interfering with other instruments, and
hinders their mobility inside the thoracic cavity. In this
regard, surgeon’s performance and experience in uniportal
VATS may be enhanced if the long shaft body of the
endoscope can be eliminated from the incision site thus
alleviating the port crowding problem. This can be achieved
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by replacing the physical connection to the camera with a
magnetic linkage (13,14).

While initially designed for abdominal surgery, the
magnetic anchored and guidance system (MAGS), proposed
by University of Texas (UT) Southwestern Medical Center,
offers unique benefits that could improve uniportal VATS.
MAGS endoscope includes an external magnet and an
internal unit, which is a video camera fitted with permanent
magnets. To deploy the endoscope, the internal unit is
inserted via a small incision, then it is attracted by the
external magnet placed on the patient’s skin, and is anchored
on the intracavitary surface against gravity. Once deployed,
the surgeon can steer the position of endoscope by moving
the external magnet manually. With magnetic linkage
replacing the endoscope’s shaft body, the MAGS endoscope
can reduce risk of fencing with other instruments, and
could provide many views by deploying multiple cameras.
While camera translation and panning movements are
commonly achieved simply by moving the external magnet,
tilting is controlled by various strategies (15). In early
MAGS endoscope (16), tilting degree of freedom (DOF) is
controlled by a crank mechanism driven by separating two
pairs of internal and external permanent magnets (IPM and
EPM). However, this design is quite bulky. In 2009, more
compact MAGS endoscopes, with fixed 30° view angle,
has been demonstrated to be feasible in human trial (17).
For fixed angle MAGS endoscopes, tilting is achieved by
manually compressing the abdominal wall (18-20). This
strategy is unsuitable for applications in thoracic cavity, as
the thoracic wall is largely incompressible being supported
by rib cage.

Following the initial reports from UT Southwestern
Medical Center, various designs of magnetic anchored
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Figure 2 Flexible endoscopes. (A) ENDOEYE FLEX 3D; (B) cardioscope prototype; (C,D) retroflexion of cardioscope, viewing backside of

target; (E) cardioscope demo in animal model, notice LED spot in wound from cardioscope under retroflexion.

surgical endoscopes have been proposed by other research
groups. Many of these control tilting with on-board
micromotors (21-24), adding to the weight and bulk of
system, while also complicating fabrication and sterilization.
Recently, designs with magnetic actuation of tilting DOF
have been proposed (25,26). Although these are more
lightweight and compact, they are not targeted for thoracic
surgery. For example, the device described by Liu ez al. (26)
involves anchoring a 68 mm long capsule lengthwise, which
would complicate panning on a curved chest wall with low
compliance and presence of rib grooves. To make magnetic
anchored endoscopes safe and feasible for uniportal VATS,
we have designed the following two systems.

Soft bodied MAGS endoscope

The soft-bodied MAGS endoscope (27) was designed to
be safe, compact, and suitable for VATS application. It
includes an internal camera unit and an external magnetic
controller. The internal camera unit has a silicone rubber
body, embedded with a wireless camera module and two
IPMs. The external magnetic controller is a motorized
box controlling the position of an EPM. The deploying
and anchoring process is similar to any typical MAGS
endoscope. Tilting and panning, on the other hand, are
achieved by magnets interacting with the silicone rubber
body. The silicone rubber body is a continuous piece with
three functional sections: a top cavity, a middle soft joint,
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and a bottom camera holder. The top cavity is a 18 mm
diameter cylindrical chamber containing a 5 mm diameter
upper IPM, the bottom camera holder secures another
piece of IPM and a wireless camera module, and the
middle soft joint is a bendable section connecting the two.
Schematics of the internal unit is shown in Figure 34. EPM
motions parallel to chest wall lead to upper IPM moving
inside the top cavity. The upper IPM attracts the IPM
in bottom camera holder, bending the middle soft joint,
and lifts the camera from pointing vertically downwards
to a tilted angle (see Figure 3B). Similarly, panning can
be actuated by orbital motion of EPM around an axis
normal to chest wall. As such, the view direction can be
changed without compressing the chest wall or using on-
board motors. The internal unit prototype is compact
(42 mm long) and lightweight (16.5 g). It has a compliant
body and does not require electric power for actuation,
enhancing safety. Compared to articulated system driven
by micromotors, the soft joint is simple to fabricate and
sterilize. The prototype performs well in both benchtop
settings and porcine cadaver (shown in Figure 3C,D,
respectively). Similar to the design by Garbin et 4l (25),
the soft bodied MAGS sweeps a hemispheric workspace,
which may not be ideal for operating in the thoracic cavity,
as the endoscope may get too close to the operating site.
A wireless camera module also limits the design’s video
camera framerate and battery life. Considering these
limitations, a wired endoscope with camera workspace
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Figure 3 Soft MAGS endoscope. (A) Schematics of soft bodied MAGS endoscopic system; (B) illustration of tilting actuation principle; (C)

performance evaluation in porcine cadaver; (D) endoscope tilting and panning sequence in benchtop settings.

near the chest wall may be better suited for the thorax and
uniportal VATS applications.

Magnetic anchored and steered endoscope

Aiming to improve the design of endoscope for VATS
application (28), we seek to combine the benefits described
by previous systems (25,26), while addressing their
respective limitations. Both the soft MAGS endoscope
and Garbin’s design (25) have hemispheric workspace.
We adopt a structural design similar to Liu’s magnetic
actuated capsule (26), placing an IPM at either ends of the
capsule, anchoring the capsule lengthwise and using a 45°
mirror to redirect the camera view. However, the previous
camera capsule design (26) is 68 mm long, thus its panning
motion is unfeasible on the chest wall. Considering this,
we adopt the magnetic actuation strategy of Garbin’s
camera (25), where relative rotations between diametrically
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magnetized IPM and EPM pairs control tilting DOF.
This strategy eliminates the need of a dedicated actuation
magnet, and allows a short capsule (40 mm) to be used
(the design schematics are shown in Figure 44). As such,
our new design offers a workspace close to the anchoring
surface, and is sufficiently compact to operate on curved
chest wall. Figure 4B shows a prototype of the new design.
A wired camera is used to improve the framerate, and
provide power for unlimited operation duration. Thin wires
(0.3 mm in diameter each) were selected for powering and
signal transmission, to minimize the effect of tether on
endoscope actuation. Compared to soft MAGS endoscope,
the new prototype is lightweight (3.6 g), compact
(40 mm long, 7 mm in diameter), and has full range of tilting
and panning (360°). Using two pieces of smaller EPMs
(22 mm diameter, 20 mm long), the anchoring range is
40 mm, sufficient to cover chest wall thickness of an average

patient. For obese patients, the anchoring range can
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Figure 4 Magnetic anchored and steered endoscope. (A) Schematics of endoscope design; (B) endoscope prototype, with transparent capsule
revealing inner components; (C,D) set-up for evaluation in porcine cadaver. EPMs controller shown in (C), and eye-tracker with display

screen in (D); (E,F,G) endoscope actuation inside cadaver, including translation (E), tilting (F), and panning (G), as observed by standard

laparoscope.

reach 80 mm by using two pieces of larger EPMs (30 mm
diameter, 60 mm long) instead.

To facilitate operation of the endoscope, a hands-free
control using eye-gaze tracking signals and a motorized
EPMs controller was implemented. The EPMs controller is
assembled by docking a 2 DOF end effector on a robotic arm
(DOBOT). For tilting DOE, the end effector rotates EPMs
along their length with a pulley mechanism. For panning
DOFE, the pulley mechanism is docked onto another stepper
motor, rotating along an orthogonal axis. This design ensures
a minimum of 65 mm separation between the EPMs and
the motors, to avoid magnetic interference. An eye-tracking
component (SMI REDn Scientific, iMotions, Boston, USA)
measures the surgeon’s gaze point on a screen streaming
video from the endoscope. When surgeon’s gaze point is
close to top or bottom edge of the screen, tilting motion is
triggered to place surgeon’s target at center of view. Likewise,
when gaze point is near left or right edge, panning motion is
initiated. Panning and tilting motions are terminated when
surgeon’s gaze falls back to screen center. With this control
scheme, a surgeon can control the endoscope view direction
intuitively, without communicating to another personnel, and
still has both hands to operate other instruments. The system
was evaluated in a porcine cadaver, where feasibility of the new
endoscope design and the eye-tracking control scheme were
demonstrated (Figure 4C,D). Endoscope translation, tilting and
panning functions are shown in Figure 4E,F G respectively.

Conclusions

VATS have seen substantial development in the past
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two decades. With uniportal VATS becoming more
common, innovations in instruments that complement
the advancements of surgical techniques is in ever greater
demand. The challenges of trocar crowding and instrument
interference seen in uniportal VATS are being met by the
development of two models of magnetic anchored and
steered endoscopes with tailored applications in thoracic
surgery. Both designs are motor-free and actuated by magnetic
interaction. The soft bodied MAGS endoscope has a wireless
camera module, and has a silicone rubber formed body
to safely interact with bodily tissues. While its prototype
performs well in a porcine cadaver, this design’s shortfall
is the low framerate, limited tilting range, and a relatively
large vertical workspace footprint that is less compatible with
VATS applications. Addressing these issues, we referenced
Garbin’s camera and Liu’s magnetic actuated capsule to
design an endoscope that combines the strengths of the two
(25,26). The new design is lightweight, compact, and has a
low workspace profile more compatible with uniportal VATS.
The addition of an eye-tracking control scheme allows a solo
surgeon to intuitively operate the endoscope. Although the
new designs offer many benefits over conventional rod lens and
current flexible endoscopic systems, a number of other features
need to be added for improved applicability in the clinical
setting. Features being considered for incorporation include;
a hands-free control of endoscope translation, an in-built
smoke evacuation and lens cleaning system, a reliable camera
sterilization procedure, and a non-ferromagnetic instrument
set for deploying and operating along the magnetic endoscope.
Conquering these challenges will be paramount for the future
of magnetic anchored and steered endoscopes in VATS.
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