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The MemoFlex II, a non-robotic approach to follow-the-leader motion of a snake-like

instrument for surgery using four predetermined physical tracks

P.W.J. Henselmans*!, C. Culmone*? D.J. Jager®3, R1B. van Starkenburg*, P. Breedveld*®

Abstract

The fields of Minimally Invasive Surgery (MIS) and Natural Orifices Transluminal Endoscopic
Surgery (NOTES) strive to reduce the level of invasiveness by entering the body through smaller
incisions and natural orifices. Hyper-redundant snake-like instruments can help in this pursuit of
reducing invasiveness. Such instruments can pass along multi-curved pathways through the body
without any support or guidance from its anatomical environment. In this way, the width of the
surgical pathway and thus the invasiveness of the procedure can be reduced significantly. This is

referred to as Follow-the-Leader (FTL) motion.

Generally, surgical instruments intended for FTL-motion are robotic systems that require medical
grade actuators, sensors, and controllers, driving up costs and increasing their footprint in the
operation room. Our goal was to discard the need for these elements and develop a non-robotic
instrument capable of FTL-motion along pre-determined paths. A proof of concept prototype
called MemoFlex II was developed, consisting of a cable-driven hyper-redundant shaft that is
controlled via four physical tracks. The MemoFlex II was able to perform 3D FTL-motion along

pre-determined paths. Among other things, this study reports on a @8 mm shaft containing seven
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segments and 14 degrees of freedom (DOFs) following several multi-curved paths with an average

maximal footprint between 11,0 and 17,1 mm.

Keywords: Medical Devices, Hyper-Redundant, Snake-Like, Follow-the-Leader, Pathway Surgery,

Minimally Invasive Surgery, Natural Orifice Transluminal Endoscopic Surgery

1 Introduction

The field of Natural Orifice Transluminal Endoscopic Surgery (NOTES) strives to reduce the
invasiveness of surgery by using the body’s natural orifices as the surgical entry-point (1), for
example by entering the mouth to reach the stomach through the esophagus, or by entering the
nose to reach the skull base through the nasal cavity (2-4). In such cases, a straight pathway from
entry-point to operation area is not always an option, and the instrumentation has to be flexible
in order to conform to the tortuous lumens and cavities of the human body. Instruments with
some form of flexibility are available, for example, catheters or flexible endoscopes. Although
some of these instruments are steerable at the tip, they rely on the surrounding anatomy to
support and guide their motion. Such guided motion can be very effective, a prime example being
catheters guided through blood vessels. In other areas in the body, however, the anatomy can be
too soft, e.g. in the colon, or too delicate, e.g. in the skull base, to deliver sufficient support and
guidance (5). Self-guided instruments that can travel along multi-curved pathways while
supporting their own weight and guiding their own motion can navigate through such soft or

delicate areas, and have the potential to expand the reach of surgical procedures.

A special type of motion along multi-curved pathways is called Follow-the-Leader (FTL) motion, a
term first coined in the field of snake-like robotics (6). This motion is comparable with the
videogame “Snake”, wherein the player steers the direction of the snake’s head (the leader) while
the snake’s body automatically follows the created trajectory. A key characteristic of this motion
is that it minimizes the required access, i.e. in an ideal situation the width of the curved pathway

is equal to the width of the snake. FTL-motion is very beneficial for surgical practice as it enables



motion along complex pathways while minimizing the required access and in that way the

invasiveness of the procedure (7).

1.1 State of the art

FTL instruments found in literature developed for surgical purposes can be divided into two
groups: shape-shifting instruments and telescoping instruments. Shape-shifting instruments
contain a flexible shaft consisting of multiple steerable segments placed in series. FTL-motion is
achieved by re-shaping the entire shaft to the shape of the path as the instrument moves forward,
i.e. the shape of the shaft is shifted backwards along its body as the instrument moves forward as
a whole. In telescoping instruments, the shaft consists of telescoping segments placed parallel to
each other. Instead of moving the instrument forward as a whole, FTL-motion is now achieved by

extending the tip of the shaft, while the rest of the shaft holds its position and shape.

Shape-shifting requires a serially segmented hyper-redundant shaft. These shafts are referred to
as hyper-redundant as they contain (much) more degrees of freedom (DOFs) than strictly
necessary for positioning their end-effector. FTL-motion is realized when each segment takes over
the position and shape of the segment in front of it as the shaft moves forward. To achieve this,
all segments have to be simultaneously actuated. In the literature, many experimental hyper-
redundant shafts aimed for medical applications are described (7-29), a few of them employing
FTL-motion with the group of Shigeo Hirose from Tokyo Institute of Technology already
demonstrating it in 1988 (8-12). The actuators needed to realize the motion are either embedded
in the shaft, referred to as intrinsic actuation, (11-20) or placed at the base of the instrument
outside the shaft, referred to as extrinsic actuation (21-28). The common denominator for shape-
shifting instruments is that all DOFs of the shaft must be simultaneously actuated to realize shape-
shifting. As a consequence, shape-shifting instruments include at least one actuator for every DOF

in their hyper-redundant shafts.



Telescoping instruments were also found in the literature (30-38). The concentric tube robots
pioneered by the group of Robert Webster III at Vanderbilt University are the thinnest existing
telescoping instruments, with outer diameters found in literature down to 2.39 mm (30).
Concentric tube robots are based on a telescoping mechanism of concentric pre-curved tubes. By
twisting and sliding the tubes relative to one another, the overall shape can be adjusted. As the
movement of one tube affects the entire shape of the device, these instruments can only achieve
FTL-motion over a limited set of specific paths (31, 39). As a solution Nguyen et al. proposed a
hybrid steerable version wherein the tubes are cable-driven instead of pre-curved (36). This
resulted in more control over the shape of the shaft, at the cost of a larger diameter (@6 mm). A
more dexterous telescoping mechanism is the HARP (also called CardioArm, @10 mm) developed
by Choset et al. and commercialized by Medrobotics into the Flex Robotic System (35, 40, 41). This
system uses a telescoping mechanism of two concentric arms that alternate between flexible and
rigid states. The arm that is made flexible is moved forward while guided by the arm that is made
rigid in its curved shape. By alternating between the arms, the instrument moves forward as a
whole. The concentric arms of the HARP are segmented structures that are rigidified by pressing
the segments together. The interlaced continuum robot of Kang et al. introduces a continuous
approach (33). In this robot, each arm consists of three flexible rods that are locked into shape by
clamping mechanisms placed along the length of the shaft. The common denominator for
telescoping instruments is that their parallel segments create a physical track that guides the next

segment along the desired path.
1.2 Advantages and Disadvantages

The current shape-shifting instruments incorporate an independent actuator for every individual
DOF in their hyper-redundant shafts, providing independent control over every individual
segment. However, FTL-motion in principle only requires a segment to copy the shape and

position of its predecessor, making independent control over every segment not a necessity. As a



result, the current shape-shifting instruments require a level of control that is much higher than is

strictly necessary for FTL-motion, leading to over-complex, expensive robotic systems.

Telescoping instruments use parallel segments to create a physical track that guides the next
segment. The advantage as compared to shape-shifting instruments is that they require fewer
actuators, and in this perspective a lower level of control. However, a disadvantage is that
telescoping instruments rely on the relative change in stiffness between their parallel segments
(5). In concentric tube robots, the stiffness and the curvature of the pre-bent tubes play a
fundamental role in defining the path to be followed, limiting the robot to a restricted number of
paths (42)Consequently, alternating the concentric arms between a flexible and rigid state, as in
the HARP and the interlaced robot, limits the influence that the segments will have on each other

at the price of a larger diameter.
1.3 Goal

This paper explores a new concept for an FTL instrument that aims to combine the characteristics
of shape-shifting and telescoping instruments. It is based on a cable-driven hyper-redundant
shaft (adapted from shape-shifting instruments) that is extrinsically controlled via a physical
track (adapted from telescoping instruments). In this way, the shaft does not require an
independent actuator for each DOF, thus drastically reducing the required level of control and
eliminating the need for computer-controlled actuation, while at the same time being suitable for

a large variety of pathways not limited by the drawbacks of a telescopic device.

2 Mechanism Design
2.1 Mechanical FTL concept in 2D

Figure la shows the 2D concept of our FTL instrument. The instrument contains a hyper-
redundant shaft consisting of a series of jointed segments, each connected to a pair of cables. On

the other side of the instrument, each pair of cables connect to one control-point. The vertical



movement of a control-point pulls one cable while releasing its antagonist. In this way, the vertical
positions of the control-points translate to the angles of the segments and thus to the shape of

the shaft.
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Figure 1: 2D Concept of a Follow-the-Leader instrument. a) An instrument consisting of a cable-driven shaft. The vertical positions of

the control-points determine the angles of the segments and thus the shape of the shaft b) As the leader-segment follows the path,



the path of leading control-point (red) is outlined to visualize the control-input. Follow-the-Leader motion is achieved when the
neighboring control-points follow the same control-input. c) A stationary track based on the control-input physically guides the

control-points as the instrument moves forward, steering the shaft of the desired path.

FTL-motion is characterized by the first segment of the shaft (the leader-segment, red in Figure
1a) tracing a path that is followed by the rest of the segments (the follower-segments, blue in
Figure 1la). The leader-segment is controlled over the desired path by moving its “leading”
control-point (red in Figure 1a) vertically while the instrument moves forward as a whole, as
illustrated in the two steps of Figure 1b. As the motion continuous, the movement of the leading
control point can be represented by a continuous line (green). This line is referred to as the
control-input and represents all the vertical positions of the leading control-point as it travels
along the desired path. Because the follower-segments are physically identical to the
leader-segment, they will behave identically to the same control-input. Passing the control-input
of the leader-segment to the follower-segments should therefore result in the follower-segments
traveling along the same path as the leader-segment. FTL-motion can thus be achieved by passing

the control-input of the leader-segment to the control-points of the follower-segments.

In mechanical terms, the control-input can be represented by a physical track, as visualized in
Figure 1c, where the track contains a groove that encloses the control-points and is shaped in
accordance with the control-input. In this configuration, the track remains stationary while the
instrument moves forward. The track will guide the vertical movements of all control-points
simultaneously, and in this way, FTL-motion can be achieved. The complex problem of controlling
every cable of the hyper-redundant shaft individually is in this way reduced to a relatively simple

cam-follower mechanism wherein all cables are controlled by a single physical track.
22  Mechanical FTL concept in 3D

In the 2D concept of Figure 1c, all cables are controlled by a single track. As a result, antagonistic
cables are connected to the same control-point, and these control-points are placed at the
centerline of the instrument. As a consequence, the cables have to be redirected along 90 degrees

bend before being connected to the control-points. From a mechanical perspective, redirecting



the cables, e.g. by pulleys or Bowden cables, will introduce friction within the system and/or
increase its complexity. Redirecting cables can be avoided by rotating the track over 90 degrees
as illustrated in Figure 2. With this solution, the track can no longer remain stationary while the
instrument moves forward, but has to move downward along the now vertically placed set of
control-points. Moreover, this configuration requires two tracks per plane instead of only one:
one track controlling the upward motion and another track controlling the downward motion. The
two tracks should be mirrored versions of each other so that one track pulls at a cable while the
other track releases the antagonist cable over the same length. A 3D instrument should have a
total of four such tracks to control the motion in the horizontal and vertical plane: two tracks for

the motion in the horizontal plane and two tracks for the motion in the vertical plane.
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Figure 2: Partial view of a Follow the Leader instrument showing a variant of the 2D concept of Figure 1c with the track rotated
over 90 degrees.

2.3 Cable configuration in the 3D shaft

The hypothetical 2D shaft of Figure 1 should be converted to function in three dimensions. This
results in a 3D shaft composed out of a bendable backbone that is divided into segments by solid
disks. Four cables attach to each disk at 90 degrees intervals, providing independent control of
the bending motion in the horizontal and vertical plane. Figure 3a shows such a hypothetical shaft
in which the cables are placed in a circle and routed in a straight line along the circumference of
the shaft. A drawback of this simple configuration is that it will not function in the concept of
Figure 1c, because it is vital in this concept that the follower-segments behave identically to the
leader-segment. The segments of Figure 3a do not behave identically to one another as their

cables are not attached in the same horizontal and vertical plane. As a result, each segment will



bend in a plane that is slightly rotated as compared to the bending plane of its predecessor. Figure
3b shows a solution in which all cables are attached in the horizontal and vertical planes. This
configuration requires the cables to be stacked, which will increase the shaft's diameter, making
its miniaturization challenging. Figure 3c shows another solution in which the cables are routed
along a helical path with a large pitch along the circumference of the shaft. All segments behave
identically in this configuration as the cables are all attached in the same horizontal and vertical
plane, with the advantage that the shaft can be easily miniaturized as all cables are routed along

its circumference.

.

Bendable Backbone

Cable Fixation

Figure 3: Hypothetical shaft composed of a bendable backbone that is segmented by solid disks. a) Conventional cable-configuration.
b) Cables fixated in the horizontal and vertical plane and stacked towards the centerline. ¢) Cables fixated in the horizontal and vertical

plane and routed in a helical around the circumference of the shafft.



24 Full 3D Concept

The entire 3D instrument is schematically visualized in three stages in Figures 4a-c. Figure 4a
shows the shaft and the cables, which are routed towards a larger diameter in the control-side of
the instrument that contains a grooved cylinder, referred to as the revolver. Bars are positioned in
the grooves of the revolver, allowing them to slide forward and backward. A cable connects to
each bar so that the sliding of the bar pulls or releases the cable. The control-points are

represented by blue ball-bearings that are fixed to each bar.

Revolver .
Control-Points

Exoskeleton

Figure 4: Full 3D MemoFlex Il instrument. a) The cables controlling the steerable segments of the shaft are connected to bars that slide

over the revolver. Each bar has a control point integrated. b) A track-ring rotates around the revolver and the four integrated tracks



guide the control point over the path. An exoskeleton couples the steering and the forward/backward motion to achieve the FTL.

Motion.

The integration of the four tracks in the system is illustrated in Figure 4b. The tracks are held by a
light green track-ring that can rotate around the revolver. The track-ring is fitted with straight
grooves enclosing the ball-bearings in their initial configuration, holding them in a straight line
so that the shaft is initially straight. The tracks, visualized in the dark green inserts, are fitted in
line with these straight initial grooves. The mechanism works by rotating the track-ring as the
instrument moves forward, resulting in the ball-bearings passing, one by one, from the straight
initial groove to the curved groove of the track. During their rotation, the tracks will force the bars
to move forward or backward, pulling or releasing the cables and causing the shaft to follow the
pre-programmed track. Finally, Figure 4c shows how the rotation of the track-ring can be coupled
to the forward and backward motion of the instrument. The instrument is suspended in a
stationary exoskeleton containing four straight grooves and two helical grooves (only two straight
grooves and one helical groove are visible in the figure). The straight grooves facilitate the forward
and backward motion of the instruments while the track-ring is guided by the helical grooves,

facilitating its rotation as the instrument moves forward or backward.
3. Experimental Setup

A Proof of Concept (PoC) prototype called MemoFlex II was developed based on the following
criteria (Figure 5). The control side should be reusable, while the shaft and tracks were designed

for disposable use.

The shaft is a continuous compliant structure that was 3D printed out of one single part from R5
photopolymer on a Perfactory® 4 Mini XL (EnvisionTec GmbH, Gladbeck, Germany) 3D printer, a
close-up is given in Figure 5b. The shaft consists of a solid central backbone surrounded by
segments built up from 3D printed helical structures. The backbone gives the shaft high axial
stiffness, while the helical structure provides high torsion stiffness combined with low bending

stiffness for easy bending of the segments. The cables are routed helically around the centerline



at an angle of 8 degrees and run through 3D printed holes at the circumference of the helical
structures. In this way, the helical structures also serve as a guiding mechanism for guiding the
cables smoothly along the bends. The shaft has a diameter of @8 mm, and each segment has a
length of 12 mm. Four inner @1.2 mm channels run through the entire length of the shaft for use
as lumens for insertion of additional instruments such as a gripper or suction tube. The maximum
number of consecutive segments we managed to print was sixteen. For more detailed information

about the shaft, we like to refer to (43).

Most of the control side components were machined out of aluminum. The bars were fabricated
out of brass, creating low sliding friction with the aluminum revolver, and fitted with @4 mm ball
bearings to serve as control-points. The diameter of the revolve should be minimized so to reduce
the frictional forces the cables endure from their direction change in their path from the revolver
to the shaft. A diameter of 88 mm was attained, which was determined based on the size of these
ball bearings and the maximum number of sixteen segments we wanted to experiment with. A
cone from acrylic material connects the shaft to the revolver, its transparency allowing for visual

feedback during the assembly phase. The tracks were 3D printed to make them easy to replace.

In the MemoFlex II, one of the channels in the shaft was reserved for a ¥1.2 mm steel rod that is
fixed to the stationary exoskeleton. This rod ensures that the segments that are not yet actively
controlled are held in their initial straight position. The MemoFlex II is manually actuated via a
rotation of a hand-crank. This pushes the revolver forward, while the helical grooves in the

exoskeleton generate the appropriate rotation of the track-ring.



Track-Ring

Exoskeleton  Revolver 16 Segment Shaft

W/

Cables Helical Structure

Figure 5: Proof of Concept prototype MemoFlex Il. a) From top to bottom, the MemoFlex Il with a 16 segment shaft mounted, a
close-up of the shaft, and a close-up of the revolver and track-ring within the exoskeleton. b) Close-up of the 3D-printed shaft.

31 Reverse engineering the tracks



In order to determine their required shape, the tracks were reverse engineered by shaping the
shaft to a pre-described path and measuring the accompanying position of the cables. Four paths
were chosen that were based on a shaft with seven segments and a total length of 84 mm (Figure
6a). A mold for each path was 3D-printed, providing a precisely fitting channel in which the shaft
could be inserted (Figure 6b). Once the shaft was placed inside the mold, the accompanying
elongation and shortening of the steering cables were registered by measuring the displacement
of the corresponding bars inside the MemoFlex II. These measurements were conducted using
image-processing. The bars were photographed and the displacement of each bar was measured
by taking the length of each individual bar in the photo as reference, in this way errors due to
projection were avoided. These displacement measurements were then used to configure the

grooves in the tracks.

Ty

45 mm

Path 1 Path 2 Path 3 Path 4

Figure 6: Reverse engineering tracks based on molds of the path a) Paths 1 to 4. b) 7 Segment shaft inserted in the mold of Path 2.

3.3 Experimental measurements

The performance of the MemoFlex II was analyzed based on videos. As the shaft moved forward
in the Z-direction, it was simultaneously filmed in both the horizontal X-plane and vertical Y-plane.
Twelve consecutive video-frames were taken from each video and superimposed upon each other
to form a single figure. This resulted in two figures per path, one showing the route of the shaft
in the X-plane and the other showing the route of the shaft in the Y-plane. This way of presenting

visualizes the footprint of the shaft, i.e. it shows how much space the shaft required during the



entire motion. Next, for each of the paths of Figure 6, the projections in the horizontal X- and
vertical Y-planes were determined, representing the intended path in the ideal situation without
position errors. The resulting ideal shaft contours were added to the figures as a reference to the
intended paths. This helped visualize how well the shaft follows the intended path and reaches

the desired end-position.

Two measurements were taken from these figures. As a first measurement, the maximum width
of the footprint (A Wxzand AWj2) was derived. For perfect FTL-motion, the maximum width of the
shaft's footprint is equal to its diameter. The maximum width of the footprint therefore provides
a measure of how well the shaft is able to conform to the path traced by its tip, i.e. how well the
MemoFlex II performs FTL-motion. Note that this measurement shows how well the shaft followed
the route that was traced by its tip but provides no information on how well this route matches

the intended path.

As a second measurement, the position error of the end-point of the shaft in its final position
compared to the end-point of the reference contours was derived. This error was measured in 3D
in each of the directions X, Y, and Z (Ax, Ay, and AZ). The spatial position error (Axyz) was then

calculated using:

Axyz = \JAx? + Ay? + Az2. Eqg. 1
The spatial position error is a measure for the accuracy with which the MemoFlex II reached the

desired end-position as specified by the pre-described paths of Figure 6.

4 Results

The MemoFlex II functions well, being capable of following a path in a fluent motion. Moreover,
due to the continuous motion of its mechanism, there are no significant limitations on its forward
velocity. Figure 7 shows the results of the reverse engineering method for all four paths. The

footprint of the shaft can be seen through the superimposed consecutive video frames. The green



dashed lines represent the reference contours of the pre-described paths. The maximum
footprints in the horizontal and vertical plane (A Wxzand A Wjz) are denoted by arrows. The values
for Ay and Azwere measured in the horizontal X-plane and the value of Ax was measured in the
vertical Y-plane. Table 1 shows the average values of the footprint and spatial position errors of

all four paths together.

Reverse Engineering
Horizontal Plane Vertical Plane

Path 1

Figure 7: Results for the reverse engineering method for a shaft with seven segments. Ax, Ay, and Az represent the error measured
in X, Y, and Z direction respectively. AWxz and AWYyz represent the maximum footprint in the horizontal and vertical planes,
respectively. The corresponding measurements are reported in Table 1.



Table 1: Measurements from Figure 7 in mm. AWxz and AWYyz represent the average footprint in the horizontal and vertical planes
for the four tracks in Figure 7. Axyz is the root square of Ax, Ay, and Az, and represents the position error of the shaft compared
to the intended path.

AWxz | AWyz | Ax Ay Az Axyz
Path 1 11,0 11,8 1,6| 3,9 7,0 8,2
Path 2 15,0 13,8| 81| 71 0,5 10,7
Path 3 13,1 144 14| 49 3,4 6,2
Path 4 11,3 17,1 88| 1,4 12,8 15,6
average 12,6 14,3 10,2

The results show that the MemoFlex II is capable of FTL-motion and that the reverse engineering
method for configuring the tracks worked reasonably well. The average footprint of the @8 mm
shaft in the horizontal and vertical planes was 12,6 mm and 14,3 mm, respectively. The average

spatial position error was 10,2 mm.

5 Further optimization of the system

In general, the MemoFlex Il appears to have more difficulties when following double-curved paths
representing S-curves. Considering Path 2 in Figure 7, for example, the first curve of the path is
followed reasonably well, while the second curve is damped and has almost no curvature. Another
set of tracks was therefore constructed following a trial-and-error approach with the specific goal

to improve on the performance of a double-curved path.

The trial and error approach started with a track-configuration that was similar to the reverse-
engineered tracks of Path 2. This track configuration was then fine-tuned based on the reasoning
that since the second curve appeared damped, the cables responsible for actuating that curve
require more pulling. The part of the grooves in the tracks responsible for that pulling action was
therefore made steeper. The performance of the resulting tracks was tested in the MemoFlex 1],
and another round of fine-tuning was performed to further optimize the behavior. This process
of trial-and-error continued until the MemoFlex II followed a double-curved path of which the

second curve matched the curvature of the first curve.



Figure 8a presents the results of the trial-and-error approach. The maximum width of the footprint
(AWxz and AWyz) was determined again. In contrast with Figure 7, the results of Figure 8 do not
include a green reference contour, the reason being that the tracks were based on a trial-and-
error approach and thus no specific pre-described path was used. Consequently, no spatial
position error was calculated. Figure 8a shows that the first and second curves of the shaft do now

approximately have an equal curvature in their final position.

Trail and Error
Horizontal Plane Vertical Plane

AWyz=11,8 mm

AWxz= 15,6 mm

——

AW =29,3mm

10mm

Figure 8: Results from the S-shape tracks based on the trial and error approach. a) Shaft with seven segments on the horizontal
and vertical planes. b) Shaft with 16 segments on the vertical plane. AW values are reported in the figure.

In a final experiment, the MemoFlex Il was fitted with a shaft with 16 segments. This shaft contains
32 DOF and a total of 64 steering cables, the maximum number of cables that can be controlled
by the MemoFlex II. The diameter of the shaft remained @8 mm, and its total length reached 144
mm. The shaft was again given a double-curved path, which tracks were composed following the
trial and error method. The result is given in Figure 8b. A maximum footprint (AW of 29,3 mm

was measured.



6 Discussion

In this paper, we developed a fully mechanical Follow-the-Leader instrument based on a cable-
driven hyper-redundant shaft that is extrinsically actuated by a physical track. In a previous
attempt by our group, a similar approach was already explored (44). This resulted in a mechanism
called the MemoFlex I that was based on a single 3D physical track and rigid-linked shaft. Splitting
the track into four independent tracks and adapting a continuous shaft design, as was done in the

MemoFlex II, significantly improved performance.

6.1 Performance

Table 1 shows that the MemoFlex II performed better when following Path 1 that only contains a
single curve, as compared to following Paths 2, 3, and 4 that contain multiple 2D or 3D curves.
This is especially visible for Path 2 in Figure 7, of which the second curvature of the double-curved
path is almost nonexistent. At first, one is tempted to explain this behavior through the play
between the cables and its guiding components. Such play makes it possible for a cable to take
the shortest route through the shaft, which reduces its effectivity for actuation. Yet, during the
reverse engineering method, the cables run along the same routes and encounter the same play,
meaning that this play was already incorporated in the design of the tracks. Another explanation
can be found when considering the difference in cable tension during the reverse engineering
method and the motion of the shaft. Due to the bending stiffness of the central backbone of the
shaft, some force is required to bend it into shape. When applying the reverse engineering
method, the shaft is forced into shape externally by the mold. During the motion itself, however,
the shaft is forced into shape internally by the cables, leading to higher cable tensions, which will
results in the cables stretching, shortening of the central backbone, and an in increase in cable
friction. All of these effects work against the “preprogrammed” bending motion, resulting in
flattened shaft curvatures. This effect is visible in the vertical plane of Path 1 of Figure 7, where
the curvature of the shaft is lower than the curvature of the green reference contour. The effect is

amplified when following a multi-curved path, like in the case of Path 2 were the two curves are



in opposite directions. The reason is that the cables that actuate the second curve are routed
along the outside of the first curve. Because this first curve has a flattened curvature, the route is
shorter than intended during the reverse engineering of the tracks, thus significantly reducing the

effectiveness of the cables in actuating the second curve.

Another effect that influences the performance of the MemoFlex II is the cross-coupling between
segments. As the shaft contains a compliant backbone that extends through all segments, a
bending moment created in one segment will influence other more proximal segments. This effect
is especially visible for the shaft with 16 segments in Figure 8b. When the tip of the shaft (Segment
1) changes direction to enter the second curve of the path, not only Segment 1, but the entire
shaft moves a little bit in that direction. The cables of the more proximal segments should resist
this movement and keep the segments straight, yet due to slack in the cables, play, and possible
stretching of the cables, the shaft is still able to move. One of the major remaining issues is the
stiffness of the shaft (43). In its current design, the shaft is not stiff enough to perform surgical
tasks that require significant force. This is a downside compared to the alternating telescoping
robots as these systems inherently include a stiffening mechanism in their design. Including a
stiffening mechanism in the shaft of the MemoFlex II will challenge its miniaturization, as seen in
the HARP and the interlace robot. If sufficient stiffness can be attained by for example pre-
tensioning the actuation cables or integrating a stiffening mechanism inside the shaft will be a

topic of future research.

6.2  Anindividual groove per cable

Throughout this paper, FTL-motion was approached via a linear model, i.e. when all segments are
identical, FTL-motion can be achieved by providing each segment with the same control-input.
This led to the assumption that multiple cables could be controlled by a single groove. In reality,
however, effects like cable stretching, cable friction, and cross-coupling between segments,
introduce non-linearities. A way to compensate for these effects is to create a separate control

input for each individual cable instead of using a shared control input for all cables simultaneously,



i.e. by controlling every cable by its own optimized groove. These grooves could, for example, be
placed in series beside each other in the Track-Ring. For a shaft with seven segments and thus 14
DOF, this would require 28 individual grooves. Although changing from four to 28 control grooves
sounds like a massive extension to the current system, in reality, this should not be that hard to
incorporate, the reason being that, even though every groove will be individually optimized, the
basic shape of the individual grooves will still be quite similar. This allows the grooves to be
stacked close to one another, allowing for one track to support multiple grooves as shown in
Figure 9. Such a configuration will only marginally extend the length of the revolver, while

considerably increasing the level of control over the cables and enhancing overall performance.

Track with Multiple Grooves

Figure 9: Variation of Figure 4b, now including a track with an individual groove per cable. Integrating such a track would
potentially improve the path following performance of the MemoFlex Il.

6.3  Model-based engineering of the tracks

Our experiments have shown that the reverse engineering approach works, although it does not
produce highly accurate results. Better results might be attainable by switching to a mechanical
measuring method. None the less, we believe that the reverse engineering method is inherently
flawed due to the early discussed difference in cable tension during the measurement and motion
of the shaft. The trial-and-error approach increased the performance but is not a viable end
solution as the iterative process is highly labor intensive. A better solution for configuring the
tracks might be found by using a model-based approach for engineering the tracks. This would

require a kinematic model the shaft that computes the required tension in the cables based on



the bending behavior of the shaft given its geometrical and material properties. From these
computed cable tensions, the required positional changes of the cables could then be calculated,
producing the required control input for each cable. Moreover, pre-determined control
compensations, for example, considering the friction and/or play of the cables within the shaft
could be included in the model. Engineering the tracks via a model-based approach would
therefore complement the aforementioned hypothetical individual groove per cable setup. Future

research will therefore be focused on model-based configuration of the tracks.

6.4 The Memofiex II in a medical setting

With its current dimensions and FTL capabilities, the MemoFlex II might already prove useful
during surgeries that allow for a broad and relatively simple pathway, e.g. phonosurgery on the
larynx while entering through the mouth. When the technique is sufficiently fine-tuned, operations
that require more accurate performance and more challenging pathways, like endonasal surgery
on the skull base, might also prove to be applicable cases. In these cases, we envision the physical
tracks to be patient-specific, constructed via a model-based approach, and using pre-operative

MRI or CT imaging to determine the most optimal path.
7 Conclusion

This paper introduced a novel concept for achieving a multi-curved Follow-the-Leader motion of
a surgical instrument. The concept involves a cable-driven hyper-redundant shaft that is
extrinsically controlled using a cam-follower mechanism based on physical tracks. By adopting
this fully mechanical approach, no actuators were required. A prototype called MemoFlex II was
developed to validate the proposed concept. It supports a @8 mm 3D-printed shaft with a modular
setup to support a maximum of 32 DOFs. A @8 mm shaft with seven segments was able to follow
predetermined multi-curved paths with a maximum footprint between 11,0 and 17,1 mm. In a

future medical setting, we envision the MemoFlex II to function as a partly re-usable and partly



disposable device, wherein 3D-printing would allow for patient-specific tracks based on MRI or
CT imaging and patient-specific shafts that are structurally optimized to suit the specific needs of

individual MIS or NOTES procedures.
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