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Abstract

One of the most prominent drivers in the development of surgical procedures is the will to reduce their invasiveness,
attested by minimally invasive surgery being the gold standards in many surgical procedures and natural orifices translum-
inal endoscopic surgery gaining acceptance. A logical next step in this pursuit is the introduction of hyper-redundant
instruments that can insert themselves along multi-curved paths referred to as Follow-the-Leader motion. In the current
state of the art, two different types of Follow-the-Leader instruments can be distinguished. One type of instrument is
robotized; the movements of the shaft are controlled from outside the patient by actuators, for example, electric
motors, and a controller storing a virtual track of the desired path. The other type of instrument is more mechanical;
the movements of the shaft are controlled from inside the patient by a physical track that guides the shaft along the
desired path. While in the robotized approach all degrees of freedom of the shaft require an individual actuator, the
mechanical approach makes the number of degrees of freedom independent from the number of actuators. A desirable
feature as an increasing number of actuators will inevitably drive up costs and increase the footprint of an instrument.
Building the physical track inside the body does, however, impede miniaturization of the shaft’s diameter. This article
introduces a new fully mechanical approach for Follow-the-Leader motion using a pre-determined physical track that is
placed outside the body. This new approach was validated with a prototype called MemoFlex, which supports a @5 mm
shaft (standard size in minimally invasive surgery) that contains 28-degrees-of-freedom and utilizes a simple steel rod
as its physical track. Even though the performance of the MemoFlex leaves room for improvement, especially when
following multiple curves, it does validate the proposed concept for Follow-the-Leader motion in three-dimensional
space.

Keywords
minimally invasive surgery, natural orifices transluminal endoscopic surgery, surgical instruments, Follow-the-Leader,
pathway surgery, hyper-redundant, snake-like, tendon-driven

Date received: 01 May 2019; accepted: 26 August 2019

Introduction example, the abdomen can be inflated to increase the
amount of workspace. However, such methods are not
applicable in more dense areas in the human body, for
example, the skull base, reducing the possibilities for

Minimally invasive surgery (MIS) strives to reduce the
invasiveness of surgical procedures by limiting the size
of the required incisions. With its obvious benefits of
less scar tissue, faster recovery time and less complica-
tlons’, MIS has gained broad acceptance. The currently Department of Biomechanical Engineering, Faculty of Mechanical,
used instruments for MIS are slender (max &5 mm) and Maritime and Materials Engineering, Delft University of Technology, Delft,
predominantly straight and rigid. Due to their rigidity, The Netherlands
the path from incision to operative area must be a
straight line. This can pose a problem as the human Corresponding author: ) ) o
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anatomy consists of organic shapes and a.tortuous .net_ of Mechanical, Maritime and Materials Engineering, Delft University of
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Figure 1. Follow-the-Leader motion. (a) Artistic
representation of a Follow-the-Leader instrument used to avoid
obstacles. (b) Snake navigating through cluttered environment by
steering its head and maneuvering its body along the created
path using Follow-the-Leader motion.

easy reach of the operative area. Therefore, MIS-instru-
ments are ideally not rigid but flexible, allowing them
to curve along with the anatomy of the human body.
Passive flexible instruments, such as, for example,
catheters or colonoscopes, can only be used to move
along existing anatomic pathways such as blood vessels
or intestines. Reaching less accessible locations within
the human body implies a need for active flexible instru-
ments with an actively controllable shape, allowing
steering along multi-curved paths along vulnerable
anatomy (Figure 1(a))."?

Instruments that contain such active flexibility are
referred to as hyper-redundant, a term first coined by
the field of robotics.’ The term hyper-redundant reflects
the fact that these type of devices contain more degrees
of freedom (DOFs) than is strictly necessary for maneu-
vering their end-effector. These additional DOFs allow
a hyper-redundant instrument to actively re-shape its
shaft, a useful feature for maneuvering within a spa-
tially restricted environment.

A hyper-redundant instrument enables so-called
Follow-the-Leader (FTL) motion, which is comparable
to a type of forward locomotion of a snake (Figure
1(b)).* In this comparison, the head of the snake is
regarded as the leader, which is steered, for example, to
maneuver along the stones of Figure 1(b). As the snake
moves forward, the body follows the curved path initi-
ated by the head. In this way, FTL motion allows
motion along multi-curved pathways, while reducing
the required access (i.e. the width of the path) to a min-
imum. These characteristics make FTL motion espe-
cially suitable for natural orifice transluminal
endoscopic surgery (NOTES) wherein natural orifices
such as the nose, mouth or anus are used as the surgical
entry point.>® A good example being endoscopic endo-
nasal surgery (EES) wherein the instrument enters
through the nose in order to reach the skull base.”®
The skull base contains a network of blood vessels,
nerves and other delicate structures and the surgical
workspace is limited (105.1X76.2X 51.9mm)’. As a
result, some areas remain inaccessible by straight
instruments and FTL instrumentation could extend the
reach of the procedure.

State of the art

Several approaches to FTL motion of medical instru-
ments have been proposed in the literature. They will
be discussed based on how these approaches affect the
diameter of the shaft and its level of redundancy. A
division is made between robotized instruments that
use a virtual track and more mechanical instruments
that build a physical track.

Instruments using a virtual track

Literature contains a number of robotized systems that
store a virtual track of the desired path on a computer.”
The computer controls every DOF of the hyper-
redundant shaft via individual actuators, which are
either embedded in the shaft or placed at the instru-
ment’s base outside the patient.'®'® Instruments with
actuators at their base are easiest to miniaturize, the
thinnest one currently existing having a diameter of
@8 mm.'"* A drawback of using a computerized virtual
track is that every DOF of the hyper-redundant shaft
must be controlled by an individual actuator, with ten
being the maximum found number of DOFs in litera-
ture of medical instruments.'* As the level of redun-
dancy within the shaft directly relates to the complexity
of the path, that is, more DOFs allows a more tortuous
path, the allowed complexity of the path becomes
directly dependent on the number of actuators in the
system. This is an undesirable feature as increasing the
number of actuators will inevitably drive up costs and
require more space near the patient in the workspace of
the surgeon.

Instruments using a physical track

There are FTL instruments that contain less actuators
than the number of DOF in their hyper-redundant
shafts, reducing the overall complexity of the system.'®2°
The thinnest ones being the concentric tube robots or
active cannulas, first developed by Webster et al. at
Vanderbilt University and since then extensively
researched by others.?! 2* Their shafts consists of a tele-
scoping mechanism of pre-curved, compliant, thin-
walled tubes, with diameters ranging from 0.8 to
2.4mm depending on the application.”® Translating
and rotating these compliant tubes relative to one
another causes them to interact and deform, changing
the overall shape of the shaft. FTL motion can be
achieved by modelling the interaction between the pre-
curved tubes, and planning the required control
sequence for shaft motion.?*?” The pre-defined curves
of these tubes, however, limit the FTL motion to a
restricted set of highly specific pre-planned paths.
There are instrument that are capable of FTL motion
along a wider array of non-specific paths, the most pro-
mising being the highly articulated robotic probe
(HARP, and also known as CardioArm), developed by
Ota et al.'” ' and commercialized as the Flex Robotic
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System by Medrobotics.?® Its shaft consists of two arms
that are placed concentrically within each other. Both
arms can independently advance forward and switch
between a flexible and locked state. FTL motion is
achieved by letting the arms alternate between flexible
and locked, while the locked arm memorizes the cur-
rent shape of the system and serves as a guide for the
flexible arm that advances forward and is steered in a
new direction. The shaft has an impressive 105-DOFs,
while the HARP only needs six actuators for steering,
locking, and advancing its arms.'”* In this way, level
of redundancy of its shaft becomes independent of the
number of actuators.

The HARP showcases an interesting approach to
FTL motion: where normally a computer stores a vir-
tual track of the path and drives a set of actuators, one
for each DOF, the HARP builds a physical track inside
its body that guides the motion. Consequently, the level
of redundancy within the shaft, and thus, the complex-
ity of the paths that can be followed, becomes indepen-
dent from the number of actuators. Nevertheless,
building the physical mechanical track inside the shaft
impedes miniaturization of the diameter of the HARP,
which is currently @10 mm."'"'®

This article introduces a new approach for an FTL
instrument that uses a physical mechanical track placed
outside of the shaft, that is, at the user-side of the
instrument that does not enter the patient and for this
reason is less bound to the severe diameter restrictions
for minimally invasive shafts. In this way, the DOFs of
its hyper-redundant shaft become independent from
the number of actuators, while the shaft’s diameter can
be miniaturized to a MIS standard of @5 mm.

A new approach

The basic principle of the proposed approach is illu-
strated in Figure 2(a). The general setup contains two
similar structures, the master and the slave, each con-
sisting of jointed segments stacked in series to form a
flexible structure. All segments are connected to a pair
of cables. The function of the master is to follow a
physical track located outside the patient’s body. The
function of the slave is to copy the movements of the
master, and in this way propagate along the desired
path inside the patient’s body.

For the slave to copy the movements of the master,
its cables need to be coupled to those of the master. The
function of the cables is to transfer the forces that are
generated in the master to the slave. Directly coupling a
cable in the master to its equivalent cable in the slave is,
however, not possible. This has to do with the fact that
the master is forced into the desired shape by the track,
while the slave is forced into that same shape by the
cables. Consequently, equivalent cables in the master
and slave will travel the same distance, yet the tensions
in the cables should be reversed, that is, a cable that is
pulled in the master should be released in the slave and

vice versa, as indicated in Figure 2(a). There is however
a simple work-around. As proven in Figure 2(b), if a
cable is assumed to bend with a constant radius within
a segment, the absolute length changes of its antagonist
cable is equal to each other. This means that a cable in
the master and its antagonist in the slave travel the
same distance with tension in the same direction. It is
therefore possible to connect a cable of the master to its
antagonist in the slave. The result is something like the
hypothetical configuration illustrated in Figure 2(c),
were a rigid U-shaped shaft was added to connect the
master to the slave and to guide the cables.

Even though the U-shaped configuration of Figure
2(c) could function in theory, there are two downsides
of using a U-shaped shaft as compared to a more con-
ventional straight shaft. First of all, the cables will
experience additional friction as they change direction
through the bend. Second, a U-shaped instrument is
rather inconvenient during a surgical procedure as it
blocks the workspace in front of the patient. For these
reasons, a straight shaft is preferred.

In Figure 3(a), the direction of the master is rotated
over 180° to enable the inclusion of a straight shaft.
The track is in this configuration also rotated over 180°
in a mirrored direction opposite to the path. As a result,
the shaft must telescopically extend so that the master
can move backward along the mirrored track while the
slave moves forward along the path. An extending shaft
is, however, an impractical solution as the cables run-
ning through the shaft then need to extend as well.

The extending shaft in Figure 3(a) was necessary
because both the track and path were considered sta-
tionary. However, while the path, for obvious reasons,
has to remain stationary, the track does not. Therefore,
the track can be moved relative to the instrument,
avoiding the need for an extending shaft. This principle
is visualized in Figure 3(b), where the shaft is straight
and has a fixed length. The movement is now consid-
ered from the point of view of the slave. For the slave
to travel a distance As over the path, the master must
travel the same distance over the track. Because the
master is now rigidly connected to the slave, it moves
along with the slave away from the track with distance
As. As a consequence, the track must travel twice the
distance As relative to the stationary path, that is,
the speed of the track must be double the speed of the
instrument. Thus, the opposite direction between track
and path can be compensated by pulling the track
through the master at double the speed of the
instrument.

Figure 3(c) shows a schematic mechanism of gears
and gear racks that double the speed of the track com-
pared to the instrument. The instrument is connected
to the centre of the gears, which run forward over a sta-
tionary gear rack. The track is connected to a gear rack
(red) that connects to the top of the gears. In this way,
the speed of the track will always be double the speed
of the instrument.
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Proof of concept

In order to validate the concept of Figure 3(c), a
proof-of-concept (PoC) prototype was developed
based on the following requirements. The prototype
should be steerable in two planes to allow movement
in 3D space. Both the master and slave should be axi-
ally and torsionally stiff, while having a low bending
stiffness. The slave should support an inner-channel
to provide functionality, for example, a tube for suc-
tion, a fibre for vision, or cable for actuation of an
end-effector. The diameter of the slave should stay
within @5mm, a typical dimension for MIS instru-
ments. Our PoC prototype was developed for validat-
ing the functionality of the proposed concept, and not
for direct use in a medical setting. Requirements as
biocompatibility, sterilizability, and integration into
current medical protocols and procedures were there-
fore not yet addressed.

Master design

For the track, a bendable stainless steel rod with a dia-
meter of @3 mm was chosen. For the master to capture
the shape of the sliding track, a flexible ‘track-follower’
structure in the master is required. A possible track-
follower structure is illustrated in Figure 4(a), wherein
a set of rings are slid over the track. Each ring sits per-
pendicular to the centreline of the track, and thus, cop-
ies the angle of the track at that specific position. By
placing multiple rings at fixed intervals along the length
of the track, the shape of the track is captured.

The track-follower structure in Figure 4(a) has a few
downsides. First, it is difficult to guarantee that the
rings remain perpendicular to the centreline of the
track, especially if the rings are thin. A ring that sits
oblique to the track’s centreline, that is, not perfectly
perpendicular, will lead to an inaccurate copy of the
shape of the track and can result in jamming, resulting
in blockage of the track when it is pulled through the
rings. Making the rings thick as to avoid jamming is
not an option, as steep curves in the track would then
no longer fit through the holes in the rings. In a search
for a better alternative we started considering using a
helical structure (Figure 4(b)). A helical structure has a
single point of contact at any cross section along the
track, making it impossible to grip onto the track, thus
avoiding any possibility of jamming. Moreover, similar
to a compression spring, a helical will be able to bend
along with the curvature of the track, and in this way
capture the shape of the track in a continuous manner.
However, one helical alone does not encircle the track
at every cross section, reducing the resolution of the
captured shape. We therefore decided to use three
helices placed at 120° intervals along the circumference
of the track, Figure 4(c). This structure was 3D printed
and shown in Figure 4(d) together with the @3 mm
bent steel rod that forms the track.
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Figure 2. Schematic representation of a new approach for
a Follow-the-Leader instrument. (a) The instrument
containing a master that follows a physical track located
outside the patient’s body, and a slave that copies the
movement of the master and propagates along the path
inside the patient’s body. The ‘Released’ and ‘Pulled’ arrows
indicate the tension in the cables of the first segment. (b)
Length behaviour of antagonist cables L1 and L2. If the length
of the segment S is fixed and the cables are presumed to
bend with a constant radius, the absolute length
changes|ALI| and|AL2| of antagonistic cables are equal. (c)
Hypothetical instrument. The cables in the master are
coupled to their antagonists in the slave. A U-shaped shaft
connects the master to the slave, and guides the cables.

Next to the ability to capture the shape of the
track, the master needs to be axially stiff, torsionally
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Master Straight Shaft Slave

(b)

(©

Figure 3. Straight configuration. (a) Improved configuration of
Figure 2(c). With a straight shaft, the track and path face in the
opposite direction. To allow the master to move forward over
the track while the slave moves forward over the path, the shaft
and cables need to extend. (b) Improved configuration of Figure
3(a) avoiding the extension of the shaft. Master and slave rigidly
connected by the shaft. The track is given double the speed of
the instrument to compensate for the opposite direction
between track and path. (c) A mechanism of gears and gear
racks pulls the track through the master at double the speed of
the instrument.

stiff, have a low bending stiffness, and guide the cables.
As the helical track-follower of Figure 4(d) is not axi-
ally stiff, it was enclosed by an exoskeleton as illu-
strated in Figure 5(a). The exoskeleton is composed out
of a series of rings that enclose the track-follower and
are connected to each other in a way that they form a
sequence of universal joints. The cables are guided
through holes in the rings and fixed by screws at the
desired spot. By using an exoskeleton with a universal-
joint construction, axial and torsion stiffness is pro-
vided without adding additional bending stiffness to
the master.

Slave design

The slave was constructed following the principle of the
squid-inspired cable-ring mechanism applied in a range
of surgical instrument prototypes developed at the Bio-
Inspired Technology (BITE)-group at TU Delft.’*!
Stranded stainless steel cables with a diameter of
J0.2mm were arranged in a @4.5mm cable-ring,

(a) : /\ <A . Section AA
B iy
| I
i SRRKS
Track 1 I I @]
R
RIRRIEEEES
RRRRRIRKKS
<A
Fully enclosed
(b) «B Section BB
\ ma
!
<> B
Pitch : ;
Single point of contact
( c) Section CC

Fully enclosed

Figure 4. Three track-followers. (a)—(c) Structures to capture
the shape of a track. For further explanation, see text. (d) Track-
follower based on three helices conforming to the shape of a
@3 mm track represented by a bent steel rod. 3D printed from
the flexible material ABFlex on an Envisiontec Perfactory 4.

allowing space for a total of 56 cables. Each segment is
controlled in 2-DOFs by four cables, enabling a total of
56/4 = 14 segments and motion in 28-DOFs. The out-
side diameter of the slave (d;) is @5 mm, and the length
of each segment was chosen to be 8 mm, resulting in a
total slave length of 112mm. Figure 5(b) shows the
construction of the slave. The segments are connected
to each other via a series of hex-ball joints. These joints
allow for bending with zero stiffness, while providing
the necessary axial and torsion stiffness. Every segment
contains two hex-ball joints allowing all together a
maximum bend of 60°. The cables were glued into the
grooves at the circumference of the segments, and
springs enclose the cable-ring and provide guidance to
the cables.

PoC prototype: MemoFlex

Figure 5(c) shows the entire PoC prototype named
MemoF]lex. The master and slave are connected to each
other via a rigid shaft. The shaft accommodates the
increase in diameter of the cable-ring from slave
(¥4.5mm) to master (J18 mm) by guiding the cables
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(a)

Hex-Ball Jointed 2;

Track \\Master

Figure 5. Computer-aided design (CAD) drawings of PoC instrument. (a) The master consisting of the helical track-follower and
an axial and torsion stiff exoskeleton that fixates and guides the cables. (b) The construction of the @5 mm, | 12 mm long slave
containing 14 segments providing a total of 28-DOFs. (c) CAD drawing of the completed MemoFlex prototype. The cable ring
diameter in the master (@18 mm) is four times larger than the cable ring diameter in the slave (@4.5 mm). This results in an
amplification factor four between the motion of master and slave, for example, a 5° bend in the master will result into a 20° bend in

the slave.

through grooves at its surface. The increase in diameter
spreads the cables outward, creating space to reach the
track within the shaft, as proposed in Figure 3(c). The
master and slave both have a length of 112mm, and
the entire length of the instrument is 500 mm. The sup-
porting base contains a gearing mechanism to ensure
that, upon manually turning a crank, the instrument
moves forward while the track is pulled through the
master at double the speed.

Performance test

The MemoFlex was successfully fabricated as illu-
strated in Figure (6). Its performance was evaluated
using two different tracks: a single curve (C-curve) and
a double curve (S-curve). The results of these test are
illustrated in Figure 7(a), which shows the slave at three
positions (insertion, halfway and final position), and an
overlay of intervals of approximately 10mm during
forward motion. The blue cap on the tip of the slave
not an actively driven segment, but is solely used for
storing the cable-endings and is expected to sway long
with the motion. Accurate FTL performance would
result in the total width of the slave’s footprint to be as
close as possible to the diameter of the slave.

From Figure 7(a) it is clear that MemoFlex can fol-
low a C-curve reasonably well, with the maximum
width of the slave’s footprint being approximately three
times the diameter of the slave (3d;), including the blue
cap. Figure 7(a) also shows the performance in follow-
ing an S-curve, which is considerably worse. In its end-
position, the slave does mimic the desired S-shape, yet
during the motion the slave strays away from the
path. The maximum footprint of the slave is
approximately 8d,.

The line of insertion in Figure 7(a) represents the
point after which the segments become actively driven
towards the desired shape. The segments after this line
are referred to as driven segments, while the segments

before this line are referred to as non-driven segments.
The non-driven segments should remain in a straight
position. Especially at the halfway position of the
S-curve, it is clear that this is not the case, as the non-
driven segments bend along in the direction of the dri-
ven segments. This is avoidable by supporting the slave
at the line of insertion. In Figure 7(b), the slave is again
following the S-curve, but now a part referred to as the
insert guided is added to the setup. The insert guide is
basically a ring fixed to the ground that encloses and
supports the slave. By comparing the halfway position
of the S-curve in Figure 7(b) to the halfway position of
the S-curve of Figure 7(a), it is clear that adding the
insert guide improved performance. The non-driven
segments are no longer able to move along with the dri-
ven segments, and the maximum footprint of the slave
has decreased from 8 to approximately 5d..

Stiffness

Stiffness is an important measure for the functionality
of a surgical instrument, as it determines the forces an
instrument to be applied. The stiffness of the slave was
measured at its tip by pulling the slave upwards using
an analogue force gauge. This measurement was done
with the slave in two different positions; the initial
straight position and the end-position of the S-curve.
The stiffness at the initial position was measured to be
0.0l N/mm (0.2N over a distance of 18 mm), and
the stiffness at the end-position was measured to be
0.06 N/mm (0.6 N over a distance of 10 mm). Due to
hysteresis as a result of friction and play within the sys-
tem, the slave did not return to its initial position after
completing the measurement. In the straight position,
this resulted in a deviation of 7mm from the initial
position. In the end-position of the S-curve, this
resulted in a deviation of 1 mm from the initial posi-
tion. The differences between the measurements on the
straight position and the end-position can be explained



Henselmans et al.

1147

Figure 6. Proof-of-concept prototype; the MemoFlex. All parts
were fabricated out of aluminium, except for the wheels (nylon),
gear rack (stainless steel) and gears (brass). The outside of the
shaft is transparent to allow visual feedback of the cables during
their assembly.

by the fact that in the straight position the cables are
not yet used for actuation. As a result, the tension in
the cables will be lower and the cables can even be
slack, which directly affects the stiffness of the slave
and the amount of hysteresis in the system.

Discussion

The MemoFlex shows that the proposed concept of
using a physical track placed outside the shaft is viable,
and allows the diameter of the shaft to be miniaturized
to O5Smm. However, improvements are necessary to
generate satisfying results. The main cause of error was
identified to be the non-driven segments diverting from
their straight path. A solution was found in supporting
the slave at the line of insertion. Although this
enhanced its performance significantly, there is still
room for improvement.

The performance of the MemoFlex is considerably
affected by mechanical losses in the system. These loses
were especially noticeable in the form of hysteresis dur-
ing the stiffness measurement on the straight position

of the slave. The losses can mainly be described to fric-
tion in the joints of the slave and master, and friction
and play between the cables and their guiding compo-
nents. Although the fully mechanical nature of the
MemoFlex makes it impossible to completely prevent
or compensate for such losses, they can be minimized.
An interesting approach would be to use a continuous
instead of a rigid-linked construction in the master and
slave. In this way, the joints are replaced by a compli-
ant backbone, eliminating the friction in the joints.
Moreover, a continuous approach will allow the cables
to be guided more fluently, which can have a positive
effect on the play and friction between the cables and
their guiding components.

NOTES

The technique of the MemoFlex could have various
applications in NOTES, though its current dimensions
especially suite the surgical workspace of EES. The pre-
sented C-curve could, for example, reach the anterior
cranial fossa via the endonasal approach, an area that
can be problematic with straight instruments.’> The
S-curve could, for example, be used to approach the
pituitary at a different angle or possibly even reach
behind it. The MemoFlex will, however, not be able to
perform all tasks due to its limited stiffness. The applied
forces during tasks as soft tissue interaction or bony
interaction at the skull base were measured to be 0.13
and 0.82N, respectively.”® In its current form, the
MemokFlex is not stiff enough to exert such forces with-
out considerable deflection. Moreover, a brake should
be installed on the gearing mechanism, as the entire
instrument can now be pushed backward due to exter-
nal loading. The MemoFlex will be able to perform
tasks that do not require high forces at the tip such a
visualization and suction.

Future developments

The MemoFlex prototype is the first step in the devel-
opment of fully mechanical instruments capable of
FTL motion. Even though the results were not fully
satisfactory, the prototype’s behaviour does show the
viability of the proposed concept and it can be con-
cluded that the flaws arise from the implementation
rather than from the concept itself. In general, a fully
mechanical approach has some advantages for medical
applications compared to robotized systems. For one,
eliminating the need for a computer reduces the instru-
ment’s footprint in the already crowded operation
room. Moreover, eliminating the need for actuators
decreases the size of the master, taking up less space in
the surgeons working area close to the patient.
Furthermore, the absence of electric components could
considerably drive down the costs of production. That
said, the higher level of control offered by robotized
systems can produce more accurate results. Future
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Figure 7. Evaluation of the MemoFlex showing the movement of the slave. (a) From left to right, the slave following a C-curve with
a radius of =58 mm and a footprint of *3d;, and S-curve with a step of =35 mm and a footprint of =8d;. The orange striped line
indicates the path. (b) The slave following a S-curve while supported by the insert guide with a step of =35 mm and a footprint of

*5d,.

research will have to show if a sufficient level of accu-
racy is attainable by a fully mechanical approach.

A next step in the development of the MemoFlex will
be focused on adapting a continuous approach to the
design of the master and slave. The compliant track-
follower could, for example, be expanded to also serve
as a guidance for the cables in the master. Moreover,
this structure could then be extended towards the slave,
paving the way to an all-in-one piece 3D printed instru-
ment. 3D printing can also prove to be useful for the
fabrication of patient-specific tracks. The shape of the
track would be based on a path planned prior to sur-
gery by a physician based on computerized tomography
(CT) or magnetic resonance imaging (MRI) images.
This 3D track could then be printed from a stiff mate-
rial, for example, stainless steel. Future developments
will thus be focused on the use of 3D printing, and we

envision that, combined with the absence of electrical
components, this could considerably drive down the
costs of production and potentially lead to a fully dis-
posable FTL solution.

Conclusion

This article introduces a novel fully mechanical
approach for FTL motion of a hyper-redundant surgi-
cal instrument. To eliminate the need for a single actua-
tor per DOF of a hyper-redundant instrument, the
approach includes the use of a physical track. This
track was placed outside the patient to allow for the
miniaturization of the instruments’ diameter. The pro-
posed technique was implemented in a prototype called
MemokFlex supporting a hyper-redundant shaft with a
diameter of Smm and 28-DOFs. MemoFlex showed
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the validity of the proposed technique, and its evalua-
tion showed higher accuracy for following C-curves
(footprint of the path ~3 times the instrument’s dia-
meter (3d;)) than for S-curves (~8d,). The performance
for S-curves was improved by supporting the shaft at
the point of insertion (~5d).
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