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Shape-Locking Mechanism of Flexible Joint Using
Mechanical Latch With Electromagnetic Force

Deok Gyoon Chung, Joonhwan Kim

Abstract—Single-incision laparoscopic surgery (SILS) has
emerged as a procedure to further improve cosmetic profits and
reduce the postoperative pain of multiport laparoscopic surgery.
However, SILS is a difficult operation due to the limited workspace
or accessibility. To improve surgical convenience, flexible surgi-
cal robots should be developed and applied to SILS for a large
workspace. Flexible robots would penetrate a single incision point
around the navel area and can provide a large workspace within
the abdominal cavity. However, it is difficult to support the force
required for surgical intervention during this process. In this study,
a novel mechanism to lock the shape of a flexible joint to support
the external forces during SILS is proposed. The developed shape-
locking mechanism involves placing a latch between the joints; the
shape locks by engagement of the latches via an electromagnetic
force. The mechanism is implemented through mechanical cou-
pling, so it can withstand large loads. Furthermore, the driving
force of the mechanism is small because it only needs to engage
the latch structure. This letter discusses the development of the
mechanism, magnetic force simulation, and a payload experiment.

Index Terms—Surgical Robotics, Laparoscopy, Flexible Robots,
Mechanism Design.

I. INTRODUCTION

INGLE-INCISON laparoscopic surgery (SILS), which is
S performed through only one invasion point, is regarded as
the next advancement of surgical procedures [1]. In this proce-
dure, an incision with a diameter of 30 mm is made in the navel
area, and a surgical instrument and an endoscope are inserted
through the incision to perform the operation. SILS minimizes
recovery time and does not leave a visible scar on patients [2].

A variety of rigid-type robot systems for SILS have been
developed [3]-[8]. However, rigid-type robots have a limited
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Fig. 1. Conceptual design of the flexible SILS robot.

working area within the abdominal cavity. Thus, the operations
that can be performed by this type of robot are limited. If SILS is
performed by a flexible robot (Fig. 1), this problem can be solved
by providing a wider working area in the abdominal cavity.
However, when performing medical interventions, such as tissue
resection, perforation, biopsy, and suturing, surgical robots must
maintain strength and firmness to improve the stability of the
operation [9]. In short, the robot should be flexible enough
to approach the affected area, but rigid enough to provide an
operational stability. The shape-locking mechanism may be a
solution to this tradeoff problem [10].

Various research groups have studied shape-locking mecha-
nisms for flexible surgical robots. Recent studies have suggested
methods that use friction, a phase change of the material, and a
mechanical locking.

USGI Medical Inc.’s TransPort has a ring on the outer part of
the flexible joint, and the pulling of a cable fixes the shape using
the friction between the rings [11]. Kim et al. altered the stiffness
by forming multiple layers of polymer material and creating a
vacuum the periphery, thereby increasing the inter-layer friction
[12]. The granular jamming principle, in which the stiffness is
changed by changing the pressure difference of a membrane,
is also used. Granular jamming is applied to endoscopic appli-
cations with an overtube for colonoscopies [13]. Zuo proposed
a mechanism to lock the shape using a flexible serrated link,
a bellows tube, and air pressure. By adjusting the air pressure
inside the tube, the frictional force between the serrated links
maintains the shape [14].

The above-mentioned methods are based on frictional force.
Friction-based locking constrains motion by using the friction
between two parts. In order to increase the force that locks the
shape, a larger frictional force is required, and a larger driv-
ing force is required to drive the mechanism. Furthermore, a
mechanism requiring a large driving force must have a large
diameter or a complicated structure [19]. Therefore, in the case
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of a flexible surgical robot, which has diameter restrictions, a
friction-based shape-locking mechanism limits the stiffness.

Other research groups have devised shape-locking mecha-
nisms using the phase change of a shape memory alloy (SMA)
with a relatively low melting point [15]-[16]. If flexibility is
required, the temperature of the SMA can be increased to trans-
form it into a liquid state, and when rigidity is needed the tem-
perature is decreased. However, this mechanism takes several
seconds to change between the phases. Further technical ad-
vances are necessary to apply the SMA phase change method
in surgical situations, particularly those that require rapid re-
sponses in an emergency.

Some research groups have suggested a shape locking mech-
anism using the mechanical locking driven by electromagnetic
force. Some applications of this include a coupling mechanism
of a modular robot [17] and a robot hand-locking mechanism to
increase the lifting force [18]. This method has the advantage
that it can withstand more force than other methods, and has a
simple structure with fast reaction speed. This locking mech-
anism has been widely used in robotics. In this study, a novel
shape-locking serial joint based on electromagnetic driven latch
coupling mechanism is presented. Its unique features of sim-
plicity, compactness, low driving force, and fast reaction time
make the proposed flexible joint suitable for an application to
surgical overtube for SILS.

For mechanical locking, the strength of the material deter-
mines the lock, which is generally much stronger than friction-
based locking. In addition, it requires only the force to move the
mechanical component to the locking position, thus consum-
ing low amounts of energy [19]. A disadvantage of mechanical
locking is the limited number of locking positions. Therefore,
an extended latch structure is devised, which locks the shape at
various angles.

When an electromagnetic force is used, the driving mecha-
nism is simplified because it consists of only two wires at the
end of the surgical overtube. Moreover, a bidirectional force
could be realized without an additional mechanism by changing
the direction of the current, thus simplifying the mechanism.
In addition, the reaction rate is faster than other force transfer
methods because there is no continuous force transfer medium.

The following section explains the principle and design of
the proposed shape-locking mechanism, and in Section III the
simulation and verification of the mechanism is described. In
Section IV, we discuss about proposed mechanism comprehen-
sive discussion. Then conclusions and further required research
are described.

II. METHOD

An overtube with the proposed shape-locking mechanism is
developed as shown in Fig. 2. This overtube is able to hold the
shape strongly at various curvatures. Surgical instruments and
endoscopes are equipped through its internal channel.

A. Principle of Shape Locking

As shown in Fig. 3, the joints are integrated with the hooks,
and the magnets is integrated with the pawls. Three components
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Fig. 2. Representation of the shape-locking mechanism of the flexible joint
using mechanical latches and magnetic force.
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Fig.3. Mechanism components: joint and hook (left), magnet and pawl (cen-
ter), solenoid (right).

Fig. 4. Operation principle, locking-off (left), locking-on (right).

are placed on each joint. A solenoid is placed in the joint. A
hook is placed between the joints, and the pawl is moved inside
the joint to drive the locking mechanism. The pawl is attached
to a magnet and could move by the magnetic force.

When the flexible joint is moved into the operative position,
the force induced by the steel core of the solenoid acted upon
the magnet. At that time, the magnet and the solenoid is attached
and do not affect the rotation of the flexible joint (left image,
Fig. 4). To lock the joint, a current is sent through the solenoid
to form the same magnetic pole as the magnet. The solenoid
pushed the magnet, and the pawl engaged with the hook (right
image, Fig. 4). In this case, the joint shape remains firm even if
an external force was applied. To unlock the joint, a current is
applied in the opposite direction, releasing the latch and ensuring
flexibility.

B. A Single Joint With Shape-locking Mechanism

1) Design Specification: The developed overtube is devised
to meet the following design goals. First, the total external diam-
eter is set to 28 mm, which is appropriate for avoiding scarring
when SILS is performed [2]. It has been reported that when the
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robot enters through the navel, the maximum outer diameter of
the orifice is 30 to 35 mm [2], [8]. A hollow neodymium magnet
is used inside the joint with an outer diameter of 25 mm, and
the inner diameters of both the magnet and overtube are 20 mm.
The pawls between the joints are in pairs, with a total of seven
grooves per joint at 20° intervals (Fig. 4), so each joint can be
locked at intervals of 20.

2) Mechanical Modeling of Deflection: In this section, the
stiffness of the shape-locked state in a single joint of the overtube
is theoretically obtained and compared with the simulation. This
analytical solution will then determine the dimensions of the
latch structure.

In SILS, the force requirements are based on supporting the
liver, which is the heaviest organ in the human body. The liver
has an average weight of approximately 15 N [18]. This value is
used as the baseline value for the greatest amount of force that
surgical instruments undergo. The proposed locking mechanism
aims to provide stable support when applying a force of up to
20 N considering the safety factor. In this study, the aim of the
latch element is to have almost no theoretical deflection, which
is vulnerable to fracture at the single joint mechanism. In the
proposed shape locking, the determinant of rigidity is not the slip
or detachment of the material but the deflection of the structure,
especially the deflection of the latch. The deflection amount of
the single joint mechanism is set to about 0.05 mm as a target
value which can be regarded as almost no deflection with respect
to the load. According to this target value, the dimensions of the
latch were determined through deflection analysis and FEM
simulation.

The theoretical stiffness of a single joint is obtained by using
the moment-area method, which is a method of solid mechanical
analysis. The moment area method is used to obtain the deflec-
tion of a structure, having segments with various area moments
of inertia I, with a simple calculation when a force is applied
[21]. The stiffness and deflection are calculated by the moment-
area method as follows. First, the bending moment diagram
(BMD) is plotted, then divided into sections by the moment of
inertia. Each cross section area on the BMD is multiplied by the
distance from the centroid of the moment area to a ‘target point’,
at which the final deflection is determined. Then, the result is
divided by the section’s moment, and the elastic modulus leads
to deflection of the target point.

i‘A’"l
EI

The basic formula is as above. The deflection of the target
point is represented by J, the distance from the centroid of the
moment area to the target point in each section on the BMD
is given by Z, and the each cross section area on the BMD is
expressed as A,, .

A single joint is divided into 5 sections, as shown in Fig. 5.
In particular, the fourth section portrays the pawl and hook of
the latch; most of the deflection occurred at this section. With
the assumption that the force is concentrated at the distal end of
the joint, this point is set as the target point and the deflection is
obtained. The bending moment is proportional to the distance
from the target point (Fig. 6). The modified formulas for each
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Fig. 6. Bending moment diagram of a single joint.
section are as follows.
Otot =01 + 02 + 03 + 04 + 05 (2)
§i=—=mi i =1,2,34,5 3

From the calculation results, most deflection occur in the latch
(A;,3). Each groove should have a width of 1.8 mm, a height
of 2 mm, and a thickness of 3 mm so that the total deflection
is 0.050 mm. All mechanical parts, except the magnets, were
machined from SUS 304 material. The deflection that occurs
in this case meets the reference objective. Detailed calculation
information is attached with the appendix.

The results of the FEM simulation (SolidWorks simulation
2016, DASSAULT SYSTEMES, France) shows a deflection of
0.06 mm, with no significant difference to the analytical solution
(Fig. 7). The validity of the theoretical calculation results is
proved by matching the FEM simulation.

3) Magnetic Force Analysis: From the electromagnetic FEM
simulation (Ansys Maxwell 16.02, ANSYS Inc, USA), the
amount of current required to drive the mechanism is derived.

Firstly, the dimensions of the solenoid are selected by con-
sidering the internal size of the joint; the solenoid has a winding
of 0.07 mm with 1200 turns. The magnetomotive force, F could
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Fig. 7. Simulation results of a single overtube joint.
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Fig. 8.  The repulsive force versus distance between the magnet and solenoid

for various current values.

be calculated according to the diameter of the conductor
F = NI [A-turns, AT) ()

Where N is a total number of windings which can be expressed
as,

w h
N *NmNh - dc : dc (5)
where, [ is a current [A], w is a width and height of the solenoid
[mm], and d. is a diameter of the coated wire [mm)].

The current is selected to lift the weight of the magnet and
latch in consideration of friction. Therefore, the load is set to
0.5 N or more (total weight of the magnet and latch: 0.1 N). As
a result of various simulations with varying current and distance
between the magnet and solenoid, it is confirmed that 300 mA
could generate the required force (Fig. 8). Simultaneously, a
magnetomotive force of 360 A T is generated by winding the
conductor 1200 times; these specs are applied to the simulation.
Fig. 8 shows the repulsive force the magnet received from the
solenoid in the single joint state. It is found that the solenoid
and the magnet must be separated by at least 2.8 mm in order to
receive a positive repulsive force, raising the magnet when the
solenoid is operating (360 A T) and producing a negative force
by the steel core when not operating (0 A T).

C. Development of a Continuum Joint

1) Implementation: An overtube consisting of four joints
was fabricated as the testbed. The overall length of the overtube
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Fig. 9.
of 60°, (c) tip orientation of 120°.

Various postures of overtube: (a) straight posture, (b) tip orientation

DC power suppl

]

Fig. 10.

Actuation and transmission system.

was 121.6 mm, and the length per joint was 36.5 mm. The
resolution of the locking mechanism of each joint in the overtube
is 20°. Since each joint has seven grooves, total of 343 locking
posture is possible. The maximum possible locking angle is
180° when each joint is at 60° to its neighbor.

Fig. 9 shows various joint postures. The developed overtube
had two degrees of freedom (DOFs) composed of one bending
and one rotation. As shown in Fig. 9(a), it deformed from a
straight posture to a bending posture as in Figs. 9(b) and (c). A
current was applied to the solenoid when the surgical overtube
required shape-locking. Then, the latches between the joints
were engaged to lock the overtube shape. When the shape was
locked, it was firmly fixed against external forces.

2) Actuation and Transmission System: The bending DOF
of the joint was driven through the actuation cable. The system
that controlled the overtube comprised of a motor control unit
that controlled the joint bending angle, and a current control unit
that drove the latch by applying a current, as shown in Fig. 10.

The actuation cable was tied at one end of the overtube, passed
through every joint, and was tied to the motor at the opposite
end. This method was relatively simple and required a small
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Fig. 11.  Experimental testbed for single joint mechanism.

number of components. A SUS cable with a diameter of 1 mm
was used. The cable was attached on both sides of the overtube
to control the clockwise and counterclockwise bending.

Two actuators were used to drive the overtube. The pulleys
were fixed to the actuators, and the cable were fixed to the
pulleys to drive the overtube. Two 10 W DC motors, both with
19:1 gear ratios, were used (DC 118752, maxon motor). The
maximum continuous torque of the motor was 532 mN-m, and
the maximum output was 53.2 N when considering the gear
head and pulley. The diameters of the pulleys were 20 mm and
all were fixed to a table.

A typical AC-to-DC converter (SPD3303X-E, SIGLENT
Technologies) was used to supply the current. Up to 64 V could
be applied to the solenoid. For proposed shape locking mecha-
nism, the electric power used for each solenoid is 9.6 W (300 mA
and 32 V each). The current direction could easily be changed
using the current conversion switch, which allows instant on/off
switching of the locking mechanism.

III.  VERIFICATION THROUGH SIMULATION AND
EXPERIMENTATION

A. Stiffness of Locking Mechanism

In this section, the analysis of the mechanism and the stiffness
measurement experiment are described. To verify the theoretical
results, we measured the deflection and stiffness of the fabricated
mechanism through experimentation. An experimental testbed
was constructed for this purpose, an overview of which is shown
in Fig. 11. The testbed consisted of a DC motor to drive the
actuation cable and a tension-measuring module. The overtube
was fixed to the surface plate, and a motor was used to apply
a force to the joint by pulling the cable. The force applied to
the overtube was then measured using the tension-measuring
module and the motor encoder measured the deflection.

The ball screw was connected to the motor and pulled the
overtube linearly. The pitch of the ball screw was 1 mm, which
was suitable for the measurement of microdisplacement. The
tension was measured by a load cell (333FDX, KTOYO) using
the strain in the wire path. Fig. 12 shows the tension-measuring
module and the path of the wire. The tension applied to the load
cell was the sum of the vertical components of both tensions.
The angle of the wire passing through the tension-measuring
module was designed to be 120°. The force measured in the
load cell was as follows.

Floadgeen = 2T cos 60° =T (6)

Fig. 12.  Tension-measuring module.
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Fig. 13.  Experimental results of the single joint mechanism.

According to equation 6, the force measured by the load cell
was equal to the cable tension. The cable used in the experiment
was made of a SUS material with a diameter of 1 mm. For the
accuracy of the experiment, calibration was performed in ad-
vance to measure the self-elongation of the cable with respect
to the load. The elongation of the cable was measured consis-
tently and was removed from the experimental result of the total
deflection. The experiment was repeated 5 times for each load
(1,5, 10, 15, 20, and 30 N). The experimental results are shown
in Fig 13.

In the case of a single joint, a total deflection of 0.48 mm oc-
curred at a weight of 20 N. This actual result differed from
the FEM simulation result. Theoretically, a displacement of
0.05 mm should occur when a load of 20 N is applied. This
is mainly due to the backlash and clearance of machining error.
In particular, the backlash was 0.19 mm, taken as the y-intercept
value of the experimental result graph, and 0.26 mm extra strain
occurred without backlash. Although it is a single joint mech-
anism, it consists of several machine parts. Therefore, when a
joint receives a large force, there is a superposition of the deflec-
tion that overcomes the binding force of each part, which does
not appear in the simulation. However, considering these factors,
the deflection of 0.5 mm in the mechanism is superior to previ-
ous studies and is considered to be sufficient in practical use.

B. Magnetic Force Interference in Continuum Joint

In this section, the scale of the effects of neighboring magnets
on each other is derived. Fig. 14 shows the repulsive force that
the magnets in the second joint received from the other solenoids
in the multi-joint state. It can be seen that the magnet receives
a positive repulsive force when the solenoid is operating (360
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various bending angles in the multi-joint state.

Fig. 15. Experimental testbed for the multi-joint mechanism.

A-T) and a negative force when not operating (0 A-T). This
figure shows the larger the bending angle of a joint, the larger
the magnetic field interference with the adjacent magnets when
there is no electric current. However, it can also be seen that the
magnet received a force of approximately 0.5 N when the current
was applied, from the initial distance between the magnet and
the solenoid (2.8 mm) to the final distance to which the latch
is engaged (4.8 mm). The magnet—solenoid interference on the
serial joint did not have a significant effect on driving.

C. Stiffness of Continuum Joint

In this section, the experimental results of the proposed mech-
anism of multiple joints are derived and compared with existing
shape-locking mechanisms. The overtube was developed with
four joints (Fig. 9) and was fixed to the experimental testbed to
measure the deflection and stiffness (Fig. 15). This experiment
was conducted in the same way as that described in the previous
experiment using single joint.

The overtube was tested for three different postures, as shown
in Fig. 9. The experiment was repeated 5 times for each load (1,
5, 10, 15, 20, and 30 N). The load was applied perpendicular to
the overtube.

Fig. 16 shows the experimental results for various postures
of the overtube. With a straight posture and 4 serial joints, a
total deflection of 2.6 mm occurred when the 20 N weight was
applied. A total displacement of 2.2 mm occurred in the posture
with a tip orientation of 60°, and a total displacement of 1.9 mm
occurred in the posture of 120°. Because the torque acting length

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 4, NO. 3, JULY 2019
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Fig. 16. Experimental results of the multi-joint mechanism: (a) straight pos-
ture, (b) tip orientation of 60°, (¢) tip orientation of 120°.

changed at each posture, the results showed a difference.

M
Flexural stiffness = - (Nme) 7

Where, M is applied bending moment, and & is curvature

Through the equation (7), the deflection value at the end can
be converted into a stiffness unit expressed as N mm? [22]. The
stiffness of the proposed overtube with the straight posture is
1.38 x 10" N mm?.

The stiffness of the proposed shape-locking mechanism was
higher than the others. According to the review article of shape-
locking mechanism for medical device [10], proposed mech-
anism has about twice as much stiffness than layer jamming
mechanism [12] which is regarded as having considerably high
stiffness. Furthermore, the payload of the proposed mechanism
is considerably larger than other flexible surgical robot studies.
Because the proposed mechanism made use of a mechanical
coupling method, there was a much greater stiffness than that in
other methods.

IV. COMPREHENSIVE DISCUSSION

In this study, a shape-locking mechanism using a mechanical
latch driven by an electromagnetic force was introduced, which
can be applied to the surgical overtube of a flexible robot plat-
form for SILS. The latch structure has the advantages that the
force required to drive the mechanism is small while still being
capable of withstanding a large load. These advantages have
been demonstrated through stiffness measurement experiments.
Furthermore, the electromagnetic FEM simulations have proven
the drivability of the serial mechanism. However, the proposed
mechanism has several considerations for clinical applications,
as below.

When using mechanical locking, the number of locking po-
sitions is limited which may affect surgical performance. How-
ever, the role of the surgical overtube is to approach the lesion
area and support the force during the surgical procedure. The
internal robotic arm ensures the workspace and manipulabil-
ity required for the operation. Therefore, the surgical overtube
is sufficient for locking only in a limited number of postures
because the internal flexible robot arm provides additional dex-
terity and workspace. It is also possible to cover additional
workspace with outer tilting of the overtube in the locked state.
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However, as there is currently no reference for this, an in-vivo
experiment using the overtube to prove its usability will be con-
ducted in the follow-up study.

A challenge with the latch-locking mechanism is the inability
to engage/disengage the lock under a load. However, regarding
usage of the overtube, this may not be necessary. When locking
the mechanism, the bending—steering cable sustains the exter-
nal forces, which does not apply to the latch structure. This is
the same as locking off. When certain surgical procedures are
completed and the robot is needed to be moved to other surgical
sites, it is necessary to lock off the overtube. In this case, if a load
is applied by the organ, the overtube can be moved to a position
where the load can be removed through external motion and
the locking mechanism can be released. However, in the case
of an emergency, it is necessary to release the locking urgently.
Therefore, the mechanism or control method for supporting the
external force only by the joint steering cable during the locking
off of the overtube will be studied further in future.

Regarding the characteristics of the mechanism when using
an electric current, it is necessary to increase the safety. Firstly,
the current value must be reduced to less than the safety current
value (30 mA) and voltage (DC 60 V) [23]. This seems possible
through the optimization process of the structure. Currently, the
size of the moving magnet is considerably larger than the pawl
of the latch. By reducing the volume and mass of this part,
it is possible to drive even a small amount of current. If the
volume and mass of the moving parts is reduced to 1/10 of the
present design, the required force and the current is expected to
decrease significantly. Secondly, the outside of the overtube will
be wrapped with insulating rubber to prevent the current from
flowing to the inside of the patient’s body. Finally, the time of
the current flow will be reduced. In present designs, the current
must have a continuous flow in order to maintain the lock. When
there is no current flow, the magnet receives the force attached
to the iron core of the solenoid. There is a problem that the
temperature increase of the solenoid and the steel core. Ideally,
the locking/unlocking should be maintained even if no current
is applied. This can be solved by placing the iron core on the
opposite side of the solenoid. In the case of the mechanism in
which the magnet and iron core are attached while there is no
current flow, then when the current flows, the magnet becomes
attached to the opposite iron core; the current will only be used
for the purpose of a switch at the moment of locking on/off.

V. CONCLUSION AND FURTHER WORKS

This letter presents the shape-locking flexible joint based on
electromagnetic driven latch coupling mechanism. Experimen-
tal results demonstrated that shape locking mechanism worked
well in a various curved configuration, and the rigidity at locked
state is larger than the previous studies. In future research, an
optimal structure of the proposed mechanism will be developed
to improve the latch drivability and ensure the patient safety.
In addition, we intend to modify the design to achieve 2-DOF
bending, such as that used in endoscopy. Subsequently, various
ex-vivo and in-vivo experiments will be conducted to determine
the improvements for application in actual surgery. Finally, it
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is expected that the shape-locking mechanism using the latch
structure may solve the limitations of conventional flexible sur-
gical robots.

APPENDIX
Variables (x-axis distance from BMD)
Iy Length from the origin to the end point of each section
on BMD
I;*  Length of each section (length per section)
¢ Length from the end of each section to the center of figure
Z; Length from the origin to each center of figure
A,,; The area of each section
I; Area moment of inertia

Ti=U —c, Ta=1l—cy T3=1I3—c3,

Ty=ly—cy, Ts=15—cs5

bl 2l
37 3(0 +1) 2 3 +13)
234+l 20+ 15

RTINS

1 1
A = 551* (Flh),Ane = 512* (Fl; + Fly),

1 1
Am3 = §l3* (FZQ + Fl3) 5 Am,4 = 514* (FZS + Fl4) 3

1
Aps = §l5* (Fly + Fis)

iﬂ (ra* —ra'), L =2x % (b2ho?),

I, =
Y

1 1 .
13 =2x E (b3h33) s 131 =2x E (b31h33)

1

Iy = o1 (roa* —ris"),
1 ,

Is = i (ros* —1i5")

ro1 = 26.4 mm, r;; = 25.1 mm

by =3 mm, hy = 8 mm

bs = 3 mm, hy = 1.8 mm (Latch, dependent here)
ros = 26.4 mm,r;y = 18.5 mm

ro5 = 26.4 mm, r;; = 25 mm

[y = 11.5mm,l, =25 mm,l3 = 27 mm,

ly =34.6 mm, [5; = 43.6 mm

I, =11.5mm,ly" = 13.5 mm, /3" = 2 mm,

Iy =7.6 mm,l; =9 mm

F' =20 N (Applied force)

E =1.93 x 10"'N/m? (Elastic modulus of SUS 304)

REFERENCES

[1] D.Canes etal., “Transumbilical single-port surgery: Evolution and current
status,” Eur. Urol., vol. 54, no. 5, pp. 1020-1030, 2008.

[2] M. G. Neto, A. Ramos, and J. Campos, “Single port laparoscopic access
surgery,” Techn. Gastrointestinal Endoscopy, vol. 11, no. 2, pp. 84-93,
2009.

Authorized licensed use limited to: University of lllinois. Downloaded on September 26,2023 at 20:46:10 UTC from IEEE Xplore. Restrictions apply.



2668

[3]

[4]

(5]
[6]

(7]

(8]

[9]

[10]

[11]

[12]

J. H. Kaouk et al., “A novel robotic system for single-port urologic
surgery: First clinical investigation,” Eur. Urol., vol. 66, no. 6, pp. 1033—
1043, 2014.

M. Hwang et al., “A single port surgical robot system with novel elbow
joint mechanism for high force transmission,” Int. J. Med. Robot. Comput.
Assisted Surgery, vol. 13, no. 4, 2017, Paper e1808.
Titanmedicalinc.com (homepage on the Internet). Titan Medical, Inc.,
2019. [Online]. Available: https://titanmedicalinc.com/technology/

B. Cheon et al., ““A single port laparoscopic surgery robot with high force
transmission and a large workspace,” Surgical Endoscopy, vol. 28, no. 9,
pp. 2719-2729, 2014.

J. Ding et al., “Design and coordination kinematics of an insertable
robotic effectors platform for single-port access surgery,” IEEE/ASME
Trans. Mechatronics, vol. 18, no. 5, pp. 1612-1624, Oct. 2013.

M. Piccigallo et al., “Design of a novel bimanual robotic system for
single-port laparoscopy.” IEEE/ASME Trans. Mechatronics, vol. 15, no. 6,
pp. 871-878, Oct. 2010.

SN Shaikh and C. C. Thompson, “Natural orifice translumenal surgery:
Flexible platform review,” World J. Gastrointestinal Surgery, vol. 2, no. 6,
pp. 210-216, 2010.

L. Blanc, A. Delchambre, and P. Lambert., “Flexible medical devices:
Review of controllable stiffness solutions,” Actuators, Multidisciplinary
Digital Publishing Institute, vol. 6, no. 3, 2017.

V. Saadat, R. C. Ewers, and E. G. Chen, “Shape lockable apparatus and
method for advancing an instrument through unsupported anatomy,” U.S.
Patent No 6,790,173, 2004

Y.-J. Kim et al., “A novel layer jamming mechanism with tunable stiffness
capability for minimally invasive surgery,” IEEE Trans. Robot., vol. 29,
no. 4, pp. 1031-1042, Aug. 2013.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 4, NO. 3, JULY 2019

T. Yanagida, K. Adachi, and T. Nakamura, “Development of endoscopic
device to veer out a latex tube with jamming by granular materials,” in
Proc. IEEE Int. Conf. Robot. Biomimetics, 2013. pp. 1474-1479.

S. Zuo et al., “Variable stiffness outer sheath with “Dragon skin” struc-
ture and negative pneumatic shape-locking mechanism,” Int. J. Comput.
Assisted Radiol. Surgery, vol. 9, no. 5, pp. 857-865, 2014.

R. Zhao, Y. Yao, and Y. Luo, “Development of a variable stiffness over
tube based on low-melting-point-alloy for endoscopic surgery,” J. Med.
Devices, vol. 10, no. 2, 2016, Art. no. 021002.

J. Wang et al., “Development of a novel robotic platform with control-
lable stiffness manipulation arms for laparoendoscopic single-site surgery
(LESS),” Int. J. Med. Robot. Comput. Assisted Surgery, vol. 14, no. 1,
2018, Paper e1838.

S. Murata et al., “M-TRAN: Self-reconfigurable modular robotic system,”
1EEE/ASME Trans. Mechatronics, vol. 7, no. 4, pp. 431-441, Dec. 2002.
K. Mitsui, R. Ozawa, and T. Kou, “An under-actuated robotic hand for
multiple grasps,” in Proc. IEEE/RSJ Int. Conf. Intell. Robot. Syst., 2013.
pp. 5475-5480.

M. Plooij etal., “Lock your robot: A review of locking devices in robotics,”
IEEE Robot. Autom. Mag., vol. 22, no. 1, pp. 106-117, Mar. 2015.

D. Molina and V. J. M. Dimaio, “Normal organ weights in men: Part
II—the brain, lungs, liver, spleen, and kidneys,” Amer. J. Forensic Med.
Pathol., vol. 33, no. 4, pp. 368-372, 2012.

R. C. Hibbeler and T. Kiang, Structural Analysis. Englewood Cliffs, NJ,
USA: Prentice-Hall, 1984, pp. 316-325.

J. A. Wehrmeyer et al., “Colonoscope flexural rigidity measurement,”
Med. Biol. Eng. Comput., vol. 36, no. 4, pp. 475-479, 1998.

IEC, TS, “60479-1. Effects of current on human beings and livestock—Part
1: General aspects,” International Electrotechnical Commission, Geneva,
2005.

Authorized licensed use limited to: University of lllinois. Downloaded on September 26,2023 at 20:46:10 UTC from IEEE Xplore. Restrictions apply.


https://titanmedicalinc.com/technology/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


