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his article describes a new steerable endoscope for laparoscopic surgery.

The steerable mechanism was inspired by the tentacles of squid and con-

sists only of standard parts such as cables, coil springs, rings, and tubes.

The mechanism can be easily miniaturized to a very small diameter,

making it suitable for low-cost mass production of steerable endoscopes,
instruments, and catheters. A patent for the mechanism has been applied for, and
it is currently being commercialized.

Laparoscopic surgery is carried out using an endoscope and long and slender
instruments that are inserted through small incisions in the abdominal wall
(Figure 1). The endoscope contains a light source and a camera that displays a
picture of the abdominal cavity on a monitor in the operation room. The surgeon
uses the instruments to carry out the operation while estimating the spatial posi-
tion of the instruments and the organs from the camera picture.

Technical advancements during the last 20 years have resulted in a reduction in
the endoscope’s diameter from 12 mm to 5 mm and in a strong improvement in
image quality. A drawback of current endoscopes is that the movements of the cam-
era are restricted. The incision acts like a fulcrum, limiting endoscope movements to
four degrees of freedom (DOF) (Figure 2). As a result, it is impossible to observe
organs from different sides and to look behind anatomic structures that obstruct the
endoscope’s field of view. Research on depth perception has shown that observing
objects from different sides reduces the risk of mistakes when spatially interpreting a
two-dimensional (2-D) image [1]-[4]. Being able to steer the camera around
anatomic structures can be very useful for searching tumor metastases or performing
surgery in cavities that are difficult to reach with conventional endoscopes.

To increase the maneuverability of the endoscopic camera, a new endoscope,
the Endo-Periscope, has been developed at the Delft University of Technology in
close cooperation with the Tokyo Institute of Technology. The Endo-Periscope
(Figure 3) has a rigid shaft and a 2-DOF steerable tip with a miniature camera,
enabling the surgeon to observe organs from the side and to look behind anatom-
ic structures. The steerable tip is controlled via a spatial parallelogram-mecha-
nism (Figure 4); the camera follows the handgrip movements exactly, and the
handgrip is always parallel to the camera’s line of sight. This provides intuitive
control of the tip, showing how the camera is oriented in the abdominal cavity.

Incompressible Steerable Spine Mechanisms

The largest problem in the development of the Endo-Periscope was the construc-
tion of the steerable tip. The tip should be small, hollow, and able to bend in all
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directions over a large angle with a very small bending radius.
The parallelogram-mechanism in Figure 4 consists of three
rods (indicated by bold lines), which are connected to the
handgrip and camera by means of universal joints (indicated
by dots). If the mechanism is miniaturized to a real-size proto-
type, then the three universal joints in the tip must fit within a
maximum diameter of 12 mm while leaving space for the
cabling of the camera and the light source. The universal joints
are placed beside each other, allowing each of them to be not
more than approximately 2 mm in diameter. Since this leads to
a very fragile construction, the parallelogram-mechanism was
miniaturized in another way.

Steerable endoscopes are already used for inspecting hol-
low organs such as the stomach or colon. These gastroscopes
or colonoscopes contain a long, flexible shaft and a 2-DOF
steerable tip, which is controlled by means of control knobs.
The tip contains a flexible construction of incompressible,
ring-shaped elements, similar to the spine in a human body.
In gastroscopes and colonoscopes, the spine is constructed

from metal rings that are connected by hinges and controlled
by cables (Figure 5) [5]-[7]. The rotation axes of the hinges
are mutually rotated over 90°, creating a sequence of univer-
sal joints that are placed behind each other. The cables slide
through tiny sleeves, which are soldered to the rings to keep
the cables in position. The mechanism can be bent in all
directions but cannot be compressed in axial direction.

In gastroscopes and colonoscopes, the mechanism is con-
structed from approximately 15 rings. Depending on the appli-
cation, the diameter varies from 6—-12 mm. At smaller
diameters, the maneuverability is reduced to 1 DOF, making
the mechanism simpler but restricting the surgeon’s freedom
of motion. The bending angle depends on the number and
shape of the rings and usually differs for left/right and
up/down tip rotations. At large bending angles up to 180°, the
bending radius reaches a minimum value of approximately
10 mm at the inside bend. Disadvantages of the mechanism
are that it is hard to realize a very small bending radius and
almost impossible to miniaturize the diameter to a few

Fig. 1. A cutaway view of the abdomen with an endoscope
(right) and three laparoscopic instruments.
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Fig. 2. The four deyrees of freedom of a standard endo-
scope (aw = the abdominal wall).

Fig. 3. The concept of the Endo-Periscope (reprinted from
(15), (16) with permission of the ASME).
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Fig. 4. Simplified line drawinyg showing the working principle
of the spatial parallelogram-mechanism in the Endo-
Periscope (reprinted from (15) with permission of the ASME).
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millimeters without restricting maneuverability or making the
construction very fragile. The manufacturing requires a large
amount of time-consuming manual assembling methods such
as soldering and riveting, making the mechanism rather
expensive. As a single unit, the mechanism is commercially
available for a price of several hundred dollars (U.S.).

In an attempt to solve these problems, a number of alterna-
tive spine mechanisms have been developed [7], [8]. One of
the simplest constructions is the mechanism in Figure 6, con-
sisting of a flexible tube with a large number of notches that
are mutually rotated over 90° [9]-[11]. The tube contains four
channels to keep the cables in position. Although it has a sim-
pler construction, the disadvantages of this mechanism are that
it is again hard to realize a very small bending radius, and it is

Fig. 5. A conventional steerable spine mechanism in colono-
scopes and yastroscopes, consisting of a series of rings that
are connected by hinges and conftrolled by cables (reprinted
from (7) with permission of Mary Ann Liebert, Inc.). A close-up
of one riny is shown at right.

Fig. 6. An alternative steerable spine mechanism consisting
of a flexible tube with notches.
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much stiffer than the mechanism with hinges. Manufacturing
the channels and the notches is still quite labor intensive, and
miniaturization makes the construction very fragile, with the
risk of fatigue and fracture at the location of the notches. Since
the mechanism is not applied in commercial endoscopes, no
data have been found about the bending angle and radius.

Working Principle of Tentacles of Squid

Biological spine mechanisms can be found in the bodies and
legs of arthropoda (such as insects) and vertebra (such as
mammals). The spine serves as a flexible but incompressible
support to which the muscles are attached. Cephalopods, such
as squid, however, lack hard skeletal support and are still able
to move their tentacles and arms in a large variety of poses.
Figure 7 shows a schematic cross section of the tentacle of a
squid [12], [13]. The tentacle is surrounded by longitudinal
muscle layers (LML) and helical muscle layers (HML). The
cross section contains a ring of longitudinal muscle bundles
(LMB), which are enclosed by transverse muscle fibers (TMF)
and circular muscle fibers (CMF).

The tentacle functions as a muscular hydrostat. Since the
volume of the tentacle stays equal, its stiffness, curvature, and
length can be changed by the interaction between the longitu-
dinal retractor muscles (LML and LMB) and the circular and
transversal extensor muscles (CMF and TMF). Contracting the
retractors while relaxing the extensors will retract the tentacle
and increase its diameter. Contracting the extensors while
relaxing the retractors will extend the tentacle and decrease its
diameter. Tensioning all muscles will stiffen the tentacle so it
can exert forces on the environment. The helical muscle layers
(HML) can exert a torque around the tentacle and may also
help the tentacle to extend or retract, depending on their vari-
able angle of pitch. The longitudinal muscle bundles (LMB)
play a role not only in retracting the tentacle but also in bend-
ing it in a certain direction.

TMF

LMB

Fig. 7. A schematic cross section of the tentacle of the lolig-
inid squid (redrawn from (13)). The tentacle is surrounded by
lonyitudinal and helical muscle layers (LML and HML). The
cross section contains a ring of longitudinal muscle bundles
(LMB), which are enclosed by transverse and circular muscle
fibers (TMF and CMF).
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Its compressibility and adjustable stiffness give the ten-
tacle a behavior comparable to a technical spring. The idea
to replace the incompressible spine mechanism with a
compressible spring leads to a new method to minimize
bending radius and to simplify the construction of the
Endo-Periscope.

Compressible Steerable Spring Mechanisms

In 1999-2000, a first, ¥15 mm prototype of the Endo-
Periscope was developed in which the spine mechanism was
replaced by a compression spring [14]-[16]. The spring is
controlled by two cables; one is always completely

Minimizing Diameter by

Maximizing Number of Cables

The ring-spring is controlled by four cables, which are kept in
position by the holes. The construction is equivalent to the
universal joints in the spine mechanism of Figure 5, with the
difference that the hinges are replaced by leaf springs.
Although the ring-spring offers a simple solution to combine
pushing with guiding cables, a construction with standard coil
springs would be preferable. Coil springs are commercially
available in an enormous range of sizes and can be obtained at
very low costs.

tightened. If the other cable is released, the compres-
sion spring will push itself around with a very small
radius until it reaches a maximum bending angle of
180° with a minimum bending radius of 2.5 mm at
the inside bend [see Figure 8(a)].

To keep the two cables in position, a new kind
of spring, called the ring-spring was designed
[Figure 8(b)]. It consists of a series of rings made
from spring metal, and the rings are bent and
welded to each other in pairs. The rings contain
holes to keep the cables in position. The ring-
spring, for which a patent was applied for, com-
bines very high torsion stiffness with low,
asymmetric bending stiffness; it is easier to bend
the spring in the plane through the holes than per-
pendicular to that plane. In the first prototype of
the Endo-Periscope, the ring-spring was used only
to control up/down tip rotations. Left/right tip rota-
tions are still controlled by a hinge that connects

\

——\

(a) (b)

the ring-spring to the endoscope shaft.

In 2001-2002, a second, ¥#12 mm prototype with
a simplified construction was developed [15], [16].
The hinge was removed and a new ring-spring with
symmetric bending stiffness was designed to con-
trol both up/down and left/right tip rotations

Fig. 8. Steerable tip (o) and riny-spring (b) of the Endo-Periscope |
(reprinted from (14), (15), (16) with permission of Taylor & Francis and the
ASME). The tip can be steered up/down between 0° and 180° and
left/right between —60° and +60°. In the figure, the tip is bent over 180°.

(Figure 9). The new ring-spring was constructed
from a series of spring segments rotated over 90°
and connected to each other. The spring is con-
trolled by four cables, which are released in such a
way that the bending radius of the tip is minimized
for all bending directions. The tip can be steered
up/down and left/right until it reaches a maximum
bending angle of 125° with a minimum bending
radius of 6 mm at the inside bend.

A series of extensive tests with the two prototypes
has shown the ring-spring works very well, offering
a simple and reliable alternative for the spine mecha-
nism. The compressibility leads to a strong reduction
in bending radius and the spring-metal rings have a
simple 2-D shape, making them easy to manufacture
at very low costs. A disadvantage, however, is that it
is difficult to miniaturize the ring-spring to a diame-
ter of 5 mm or less while keeping production costs
very low. In the two prototypes, the spring-metal
rings have been manually connected using spot
welds, a manufacturing method that turned out to be

rather labor intensive. Automatic spot welding or
laser welding at miniature scale requires precise and
expensive equipment and seems not very suitable for
low-cost mass production.
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Fig. 9. The steerable tip (tfop) and ring-spring (bottom) of the Endo-
Periscope Il (reprinted from (15), (16) with permission of the ASME). The
arrow visuadlizes the camera’s line of sight and the tip can be steered
up/down and left/right between —125° and +125°.
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Radial cable displacements can be eliminated if the ring-
spring is replaced by two coil springs: an inner spring and an
outer spring with a larger diameter than the inner spring.
Placing the inner spring in the outer spring results in a ring-
shaped slot through which the cables can be guided. If the
thickness of the slot equals the thickness of a cable, then the
cables will be fixed in radial position. Tangential displace-
ments can still occur because of the tangential distance
between the cables.

Controlling left/right and up/down tip rotations is in princi-
ple possible with a minimum amount of three cables. In con-
ventional spine mechanisms and in the ring-spring, four cables
are used since this is easier to combine with the universal joint
construction. Biological mechanisms, however, are often
strongly redundant to make them more robust against failure.
A tentacle contains a ring of longitudinal muscle bundles,
enabling the squid to still use its tentacle when one or more
bundles are not functioning well.

Fig. 10. A cross section of the cable-ring mechanism, show-
ing the inner spriny, the outer spring, and the ring of cables.
The cables are fixed to the endoscope tip by squeeziny
them between two rings.

Using this idea, the number of cables between the two
springs can be enlarged until the ring-shaped slot is complete-
ly filled. The distance between the cables is then zero, so the
cables are fixed in tangential position as well. This results in a
ring of cables fitting precisely between the two coil springs
(Figure 10). The cable ring can be fixed to the endoscope tip
by squeezing the cables between two rings of which the differ-
ence in radius is slightly smaller than the thickness of a cable.
This method was tested in practice and proved a strong and
reliable fixation method. The resulting cable-ring mechanism
combines pushing with guiding while keeping the cables in
position. Sliding the cables with respect to each other will
bend the tip in a required direction.

Parallelogram-Control of the Endo-Periscope

In 2003-2004, the cable-ring mechanism was used to develop
a third prototype of the Endo-Periscope. The steerable tip is
controlled by a new spatial parallelogram-mechanism of
which the working principle is visualized in Figures 11 and
12. The cables are fixed between two rings at the tip and guid-
ed through shaft and handgrip where they are fixed between
two other rings. These rings form a carriage that can slide in
the handgrip. The cable ring contains an inner spring along the
entire length of the cables and is surrounded by three outer
springs: a tip spring between tip and shaft, a handgrip spring
between shaft and handgrip, and a compensation spring in the
handgrip. The four springs keep the cables in position and pre-
vent them from buckling. The handgrip spring is designed as a
closed tension spring to increase stiffness of the connection
between the handgrip and shaft. The other three springs are
compression springs, with the compensation spring stronger
than the tip spring.

The interaction between the tip spring and the compensa-
tion spring is used to obtain parallelogram control. The com-
pensation spring pushes the carriage and the cable ring to the
right. The resulting tension force on the cables is so strong
that the tip spring is completely compressed in the straight

Fig. 11. A cross section of the tip of the Endo-Periscope |lI.
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Fig. 12. A cross section of the parallelogram-mechanism of
the Endo-Periscope Il in the straight (fop) and bent position
(bottom), showinyg the tip |, shaft Il and handgrip lll, with
cable ring (a), inner spring (b), fip spring (c), handgrip spring
(d), compensation spring (e), and carriage (f). A, B, and C
are parts of the cable at the bottom. From the cable riny
and the inner spring, only the beyinning and end are shown.
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position (Figure 12, top). When the handgrip is bent (Figure
12, bottom), Part A of the cable at the outside of the curvature
becomes longer. Part B of that cable, however, cannot be
shortened since the tip spring is completely compressed.
Instead, Part C becomes shorter and the carriage moves
downward. As a result, the other cables are released. These
cables slide through the handgrip and shaft and cause the tip
spring to bend with a very small radius until it reaches the
same angle as the handgrip.

Prototype of the Endo-Periscope

Figure 13 shows the resulting prototype in straight and bent
positions. The endoscope is completely hollow with inner and
outer diameters of 2 and 5 mm, respectively. This makes the
endoscope more than two times as thin as the second proto-
type. The cable ring consists of 22 steel cables with a thick-
ness of 0.45 mm (Figure 14). The ring-shaped slot between the
inner and outer springs is 0.50 mm thick, creating 0.05 mm in
clearance for the free motion of the cables.

Since it was not completely clear beforehand how the mech-
anism would behave at large tip rotations, the endoscope was
equipped with three adjustment mechanisms to fine-tune the
spring force of the compensation spring and the length of the
tip and handgrip springs. The adjustment-mechanisms can be
omitted in future prototypes, leaving a cheap construction of
cables, coil springs, rings, and tubes.

Figure 15 shows a close-up of the steerable tip. The mech-
anism is completely symmetric and the tip can be bent in all
directions up to a maximum bending angle of 110° with a
minimum bending radius of 8 mm at the inside bend. When
the handgrip is bent over a larger angle, the friction and the
changing balance of spring forces cause the cables to buckle
within the 0.05-mm clearance for free motion. This restricts
a further rotation of the tip, distorts the parallelogram behav-
ior, and does not allow the bending radius to become small-
er. Although a 110° bending angle seems enough for
laparoscopic applications, the mechanism is currently being
further improved into a new 1.5 mm prototype in which the
tip can bend 180° in all directions with a bending radius of 5
mm at the most. This prototype is intended for microsurgical
applications—such as eye, spinal cord, or brain surgery—in
which the available space is strongly restricted and surround-
ed by vulnerable tissues that are easily damaged.

Discussion

Table 1 shows the difference between the 2-DOF steerable
tips of conventional gastroscopes and colonoscopes and the
prototypes of the Endo-Periscope in terms of diameter, maxi-
mum bending angle, and minimum bending radius. The table
shows that the compressible spring mechanisms lead to a
decrease in bending radius and the cable-ring mechanism can
be constructed with a much smaller diameter than conven-
tional spine mechanisms, without restricting maneuverability
of the steerable tip. It must, of course, be noted that the bend-
ing angle and radius depend on a number of design parame-
ters, such as the length of the steerable tip, the shape of the
rings, the stiffness of the springs, the stiffness of the cabling
guided through the endoscope lumen, and, if present, the
stiffness of the sheathing around the steerable tip. Therefore,
the table can only be used as an indication and not as an
absolute measure. Since the third prototype has a novel con-
struction for which no examples had existed, the mechanical
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construction is not yet optimized. The prototype has a num-
ber of imperfections, resulting in a relatively large bending
radius. It is expected that this disadvantage will be solved in
the new ¢1.5 mm prototype.

The cable-ring mechanism is much simpler than convention-
al spine mechanisms, consisting only of standard parts such as
cables, coil springs, rings, and tubes. These parts are commer-
cially available in very large quantities and can be obtained at
very low costs. Special machining is hardly needed and the
manufacturing contains no time-consuming assembling meth-
ods such as soldering or riveting. Since the mechanism can be
manufactured at very low costs, it is expected that the endo-
scope can be sold as a disposable device, using the cheap, high-
quality miniature cameras that are currently being developed

Fig. 13. The Endo-Periscope lll in straight and bent position.
The prototype contains three adjustment-mechanisms—A, B,
and C—to fine-tfune the spring force of the compensation
spring and the length of the tip and handyrip springs.

Fig. 14. A close-up of the fransparent handyrip showing the
cable-ring mechanism.

Fig. 15. A close-up of the steerable tip of Endo-Periscope .
The arrow visualizes the camera’s line of sight and the tip can
be steered in all directions between —110° and +110°.
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for mobile phones and digital
photography. Sterilization after
the operation is then not need-
ed, making it unnecessary to

sheath the steerable tip or to Steerable Endoscope

Table 1. A comparison between the steerable tips of conventional steerable endoscopes

and the prototypes of the Endo-Periscope. The fourth prototype is still under construction.

Degrees of Maximum Minimum

Freedom Diameter  Bending Angle Bending Radius

provide arrangements for disas-
sembly, which would make the
mechanism more complicated.
It is expected that the cable-
ring mechanism can be pro-
duced in large series and sold
for approximately US$20 per

Endo-Periscope |
Endo-Periscope I

Endo-Periscope |lI

Endo-Periscope IV

Gastroscopes and colonoscopes 2

6-12 mm 180° ~10 mm
2 15 mm 180° 2.5mm
2 12 mm 125° 6mm
2 5mm 110° 8 mm
2 1.5 mm ? ?

unit, which is much cheaper
than the price for the conven-
tional spine mechanism in Figure 5.

Several tests with the second prototype have shown that an
inexperienced person needs approximately 15-20 min of
training time to get experienced in controlling the Endo-
Periscope. The parallelogram-method of controlling is thus
quite easy to learn, making the Endo-Periscope very interest-
ing for surgical practice. Although the third prototype has a
diameter of 5 mm, it seems easy to miniaturize the cable-ring
mechanism further to a diameter of 1.5 mm or even less by
using standard ¢0.2 mm steel cable and #0.2 mm spring steel
wire. This makes it very useful for a number of other applica-
tions, such as miniature steerable instruments and catheters.

A disadvantage of the cable-ring mechanism as compared
to spine mechanisms or the ring-spring is that its torsion-
stiffness is lower. This is not a problem for steerable endo-
scopes, which, in principle, do not contact the tissue. It can,
however, be a drawback when applied in a steerable instru-
ment used for manipulating the tissue. The torsion-stiffness
increases strongly if the outer spring is surrounded by a
flexible, torsion-stiff sleeve that is braided from very thin
helical steel cables, equivalent to the helical muscle layers
in squid tentacles. Torsion-stiff sleeves are already used in
gastroscopes and colonoscopes and are commercially avail-
able at very low costs. Therefore, it seems this problem is
not difficult to overcome.

Fig. 16. The cable-ring mechanism with a central cable for
use in a steerable instrument.
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When the cable-ring mechanism is applied in a steerable
instrument (see Figure 16), the inner spring can be replaced by a
cable that can be moved forward and backward to drive a
grasper or a pair of scissors connected to the instrument tip. The
cable ring can be used to steer the tip in all directions, while the
outer spring keeps the cables together. Using standard ¢#0.2 mm
steel cable and ¢J0.2 mm spring steel wire, it seems possible to
miniaturize this mechanism to a diameter of /1.0 mm, making it
very suitable for steerable microinstruments or catheters.
Conventional 2-DOF steerable instruments usually contain a
spine mechanism of miniature hinges and pulleys (Figure 17)
[71, [8], [17]. The complex shape of these elements makes it
very difficult to miniaturize these instruments at low costs. This
makes the cable-ring mechanism a promising alternative.

Although the cable-ring mechanism was inspired by mech-
anisms in nature, the working principle differs from the

0

Fig. 17. The fip of a steerable instrument for medical applico-
fions (reprinted from (7) with permission of Mary Ann Liebert
Inc.). The mechanism is ingenious but difficult to miniaturize
(at low cost) to a diameter of a few millimeter.
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tentacles of squid. The ring of muscle bundles in the tentacle
has a redundant function, whereas the function of the ring of
cables is to avoid tangential cable displacements. Another
difference is that the tentacle does not contain compression
springs and it can be twisted in an axial direction as well.
The goal of the research, however, is not to imitate biologi-
cal mechanisms but to use them as inspiration and to take the
best of both the technical and biological worlds for the
development of innovative technology.

An application for a patent for the cable-ring mechanism
has been submitted, covering a large number of medical
and industrial applications. The mechanism is currently
being commercialized, and it is the authors’ wish that this
will lead to a range of new, useful instruments for laparo-
scopic surgery.
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