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Design of a Novel Three-
Dimensional-Printed Two
Degrees-of-Freedom Steerable
Electrosurgical Grasper for
Minimally Invasive Surgery

In current bipolar electrosurgical instruments, a high frequency electrical sinusoidal
wave is passed through the patient’s body from an active electrode to the return electrode
to cut, coagulate, or desiccate tissues. Even though current bipolar electrosurgical
instruments have proven effective in minimizing blood loss, advancement is needed to
allow for improved dexterity and adaptability. With current advances in three-
dimensional (3D)-print processes and its integration in the medical field, it has become
possible to manufacture patient-and operation-specific instruments. In this study, we
introduce the first 3D-printed steerable bipolar grasper (1 5 mm) for use in minimal
invasive surgery. The grasper significantly improves dexterity by the addition of two pla-
nar joints allowing for =65 deg for sideways and *£85 deg for up- and downward move-
ment. The joints enable a significantly higher bending stiffness, 4.0 N/mm for joint 1 and
4.4 Nimm for joint 2, than that of currently available steerable instruments. The tip con-
sists of two metallic movable jaws that can be opened and closed with angles up to
170 deg and allows for grasping and coagulating of tissues; reaching tissue temperatures
of over 75°C for an activation time of ~35 s, respectively. In order to actuate the joint,
tip, and electrosurgical system, as well as to tension the steering cables, a ring handle
was designed. In summary, the 3D-printed steerable bipolar grasper provides the sur-
geon with electrosurgical capabilities, improved dexterity, improved stiffness, and the
versatility that is needed to provide patient- and operation-specific care.

[DOI: 10.1115/1.4038561]

Keywords: 3D-printing, additive manufacturing, bipolar electrosurgery, medical device
design, minimally invasive surgery, steerable instruments

1 Introduction

Controlling blood loss is a major challenge in open and mini-
mally invasive surgery (MIS) [1]. Even though the human body
has a unique process that stops blood loss after an injury called
hemostasis, this process is often too slow or insufficient to stop
major bleeding. In order to accelerate the process of hemostasis
during MIS, electrosurgery is often used. In electrosurgery, a high
frequency (0.3-5 MHz) electrical sinusoidal wave is passed
through the patient’s body from an active electrode to a return
electrode in order to coagulate, cut, or desiccate the target tissue
between the electrodes. The effect is determined by the waveform,
voltage, and power of the electrosurgical current, as well as the
size of electrode tip. The tissue between the electrodes is damaged
due to the conversion of the electrical energy of the alternating
current into heat. As the water evaporates, tissue fragmentation
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Journal of Medical Devices

Copyright © 2018 by ASME

occurs and the electrode can coagulate or cut straight through the
tissue [1].

Even though electrosurgical tools have proven effective in min-
imizing blood loss, advancement is needed to allow for a higher
tool reach and for more adaptable devices that are both patient-
and operation-specific. Currently, clinically available bipolar elec-
trosurgical tools, such as Endopath (Ethicon, Somerville, NJ) [2]
and Aesculap PM438R (B. Braun Medical B.V., Oss, The Nether-
lands) [3], are rigid and are thus only able to rotate around, and
slide through, the incision point (or trocar). This restricts these
instruments to four degrees-of-freedom (4 DOF)—axial transla-
tion/sliding, axial rotation, and radial rotation in two planes
(Fig. 1 left)—and thus does not allow for reaching around tissues
or changing the orientation of the tip of the instrument with
respect to the shaft.

In order to improve the reach of the tool, it is necessary to
increase the DOF of the tip portion by adding a steerable section
(or wrist joint; Fig. 1 right), such as in the Da Vinci wristed
robotic electro-cautery instruments [4]. Furthermore, as each
patient and each operation is different, currently available rigid
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Fig. 1 Degrees-of-freedom and workspace of bipolar electrosurgical tools. Left: DOF of
currently clinical available electrosurgical tools. Right: DOF of the proposed minimally
invasive bipolar electrosurgical instrument. Number indications: 1: axial rotation, 2: axial
translation or sliding, 3 and 4: radial rotation or pivoting in two perpendicular planes, 5:
pivoting of the instrument tip, and 6: pivoting of the instrument tip in a perpendicular
plane to 5.

instruments are suboptimal. Even though there are bipolar electro-
surgical tools with different tip sections available, there are only a
limited amount of options when it comes to shaft size and shape.
Easily adaptable, patient-specific tools are needed to increase the
efficiency and ease of MIS procedures, such as in skull base and
arthroscopic procedures in which tight spaces need to be navi-
gated. With current advances in three-dimensional (3D) printing
and its integration with the medical field, it has become possible
to manufacture patient-specific tools on an on-demand basis. The
goal of this study is, therefore, to design and validate a steerable
3D-printed adaptable bipolar grasper for use in electrosurgery to
improve upon the workspace of current rigid electrosurgical tools
and to allow for an adaptable, patient-and/or operation-specific
tool.

2 Design Requirements

2.1 Tip Requirements. At the distal end of the instrument, a
grasper should be placed to grip, manipulate, and coagulate tis-
sues. The tip should consist of two movable electrical jaws that
are able to grasp tissues in between the jaws, similar to currently
available minimally invasive graspers (Fig. 2). Each jaw should
be provided with a profile to improve the grip on slippery tissues
(Fig. 2). The jaws should open to an angle of at least 60deg
(Fig. 2), which is comparable to instruments currently used in
clinical practice [5,6]. Furthermore, the joint that opens and closes
the jaws/gripper should be placed in close proximity to the steer-
ing joint(s) to increase the control accuracy of the tip.

011007-2 / Vol. 12, MARCH 2018

Additionally, the electrical resistivity of the tip material should be
lower than 1.8 x 10~% Qm, which is in the range of metals [7], to
allow for proper conduction of the electric signal. Finally, the
thermal capacity of the tip should be higher than 0.1 J/kgK to pre-
vent the tip from heating up when the current is applied.

2.2 Steerability Requirements. As previously discussed,
rigid minimally invasive instruments allow for 4 DOF motion
around the incision point (the trocar; Fig. 1 right). This limited

Two Movable Jaws

e

Insulating Material

Tip Profile for
Increased Grip

Tip Opening Angle > 60°<

Conducting Material

Fig. 2 Tip requirements of the proposed minimally invasive
bipolar electrosurgical instrument. The tip should contain two
movable jaws out of a conducting material with a tip profile to
increase grip on the tissue. The movable jaws should open up
to at least 60deg. An insulating layer separates the two mova-
ble jaws.
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Fig. 3 Final tip design working principle. Left: tip in the closed (0 deg) configuration with
the tip joint in the minimum curve angle (straight: 0 deg). An insulating plate is present to
prevent short-circuiting the instrument. Middle: tip in the open (180 deg) configuration
with the tip joint in the minimum curve angle (straight: 0 deg). Right: tip in the closed
(0 deg) configuration with the tip joint in the maximum curve angle (+90 deg). The steer-
ing ribbon for the more proximal joint is connected to the shaft between the joints using a

hook.

number of DOF greatly restricts the range of motion of the sur-
geon. To improve the reach of the tool and to allow the surgeon to
change the tip orientation (to improve positioning), 2DOF of
bending motion were added to the instrument (Fig. 1 right). The
bending angle for the steering joint should be equal to or higher
than 60 deg to significantly increase the reach of the tool. Further-
more, the joint should have both a high torsional stiffness to resist
twisting/rotation of the joint around the axial axis and a high
bending stiffness to resist unwanted bending motion caused by lat-
eral forces. In a study published by Jelinek et al. [8], the bending
stiffnesses of three steerable instruments—DragonFlex (2DOF,
[J 5mm, 3D-printed, Delft University of Technology, Delft, The
Netherlands), Miflex (2DOF, @5 mm, Deam Corporation, Amster-
dam, The Netherlands), and Laparo-Angle (3DOF, @5 mm, Cam-
bridge Endo, Framingham, MA)—were evaluated for different
bending angles. The bending stiffness ranged from 0.56 N/mm for
Laparo-Angle in a straight configuration up to 2.94 N/mm for
Miflex with a bending angle of 60deg, with the Dragonflex per-
forming most consistently over all bending angles with an overall
bending stiffness of around 2 N/mm. Therefore, a bending stiff-
ness of at least 0.56 N/mm is preferred. Unfortunately, no data is
available about the torsional stiffness of currently available steer-
able MIS instruments.

2.3 Shaft Requirements. Between the steerable joint and
handle of the instrument, a rigid shaft should be placed. The maxi-
mum diameter of the shaft is set to 7mm, which is in the range of
conventional laparoscopic instruments [5,9,10] and can be used in
most procedures. The shape and length of the prototype should be
easily adjustable, in order to allow for a patient- and operation-
specific tool that can be used to perform MIS in different parts of
the body. Similar to the steerable joint, the shaft of the instrument
should have high torsional and bending stiffness. Furthermore, the
shaft should contain multiple lumens to guide the active and
return electrodes from the tip toward the handle. Finally, the shaft
should be made out of a material with a high thermal capacity
(>1 J/kgK) and electrical resistivity (>1 x 10'> Qm)—which is
similar to common insulators—in order to prevent heating and
current leakage from the instrument [7].

Journal of Medical Devices

2.4 Handle Requirements. The instrument should allow for
single-handed control. The handle should allow the operator to
steer the joint(s), open and close the jaws, and connect the instru-
ment to an electrosurgical unit.

2.5 Electrical Circuit Requirements. In general, the fre-
quencies of the waves used in electrosurgery lie between 300 kHz
and 5 MHz and the power between 15 and 500 W [1,11]. Hence,
the instrument needs to be able to support these power settings
when connected to an electrosurgical unit. For this purpose, the
electrodes should be made out of a material with a low electrical
resistivity (<1.2 x 10~® Qm), which is similar to common metals
[7]. Furthermore, similar to the shaft, the electrodes should also
have a high thermal capacity (>1 J/kgK) to prevent heating.

3 Steerable Bipolar Grasper Design

3.1 Tip and Joint Design. In Appendix, we describe the fun-
damental joint categorization, in which we explain the joint types
and ways of guiding the electrical current through or around the
joint, the selection process of the joint design, and the joint opti-
mization protocol. In Fig. 3, the final tip and joint design is illus-
trated. At the distal tip of the instrument, the two movable jaws
are made out of a metallic, conductive material and form the
active and return electrode of the instrument (Fig. 3). A triangular
profile (90deg top angle, 1 mm high) is added to the grasping
surfaces to increase the grip on the tissue. The tip jaws are insu-
lated from each other (with the exception of the grasping surfaces)
by a nonconducting polymeric plate in the middle of the joint to
prevent short circuits (Fig. 3). The tip jaws are connected to a
fixed, nonconducting polymeric axle embedded into the joint.
Two nonconducting polymeric outer plates are placed at the outer
edge of the joint to provide support to the axle and prevent the tip
jaws from sliding sideways (Fig. 3). The up- and downward
movement and the opening and closing of the tip jaws are con-
trolled by two electrode cables that are looped around each of the
tip jaws (Fig. 3). The maximum opening angle of the two movable
jaws and curve angle of the joint is 180deg (90deg in each

MARCH 2018, Vol. 12 / 011007-3
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Fig. 4 Final shaft design. Left: total shaft design. Middle: distal end of shaft with the rounded
rectangular lumens for the electrode cables and steering ribbons and the cylindrical recess
for the planar joint. Right: proximal end of shaft with the rounded rectangular lumens for the
electrode cables and steering ribbons, the cylindrical recess for mirrored planar joint, two fork
structures to increase the stability of the joint, and stops to prevent over-bending the joints.

direction; Fig. 3). Finally, two steering ribbons actuate the first
planar joint that allows for sideways deflections of *65 deg. The
steering ribbons are guided through rectangular slots in the con-
necting element between the two joints and are fixed by injecting
an adhesive into the slot (Fig. 3). Inside the cylindrical planar
joint, curved slots (r =2.5 mm; 5.5x electrode cable diameter) are
present to guide the electrode steering cables toward the shaft and
prevent cable fatigue.

The unique design of both joints, specifically the use of a ribbon
to control the joint, has two main advantages. First, the ribbon and
cables are placed at the outer edge of the joint, which increases
the moment arms and thus reduces the force required to bend the
tip, while at the same time increasing the bending stiffness of the
joint. For comparison, if a similar cross-sectional area cable was
used with a diameter of 0.6 mm (2x thicker than the ribbon), the
moment arms would have been reduced with approximately 7%.
Second, due to the minimal thickness of the ribbon, it can accom-
modate small curve radii (0.4 mm in the grasper) without suffering
from cable fatigue, allowing for navigating through tight curves.

3.2 Shaft and Handle Design. The shaft connects the joint
and tip of the instrument with the handle. The shaft has a rectan-
gular shape ((J Smm, /=150 mm). Note that the shaft length,
shape (straight versus curved), and size can be easily adapted and,
subsequently, 3D-printed, to allow for a patient- and operation-
specific grasper. This way, differences in body mass and lengths
of patients, for example, can be accounted for. Furthermore, depend-
ing on the type of MIS procedure, different shaft shapes, including
curved shafts, can come in handy, for example, when navigating
through tight spaces. In order to achieve these patient-specific tools,
a 3D computer-aided design (CAD) model of the instrument in com-
bination with patient data obtained from a pre-operative computed
tomography or magnetic resonance imaging scan could be used.

The electrode cables run through two rounded rectangular
lumens in the center of the shaft, while the steering ribbons are
guided through rectangular slots near the surface of the shaft
(Fig. 4). At the distal and proximal end of the shaft, two identical
cylindrical recesses are present in which the two (mirrored) planar
joints are contained (Fig. 4).

The handle allows for single-handed control of the two tip
joints, the movable tip jaws, and the electrical circuit. To steer the
instrument in 2DOF and control the tip jaws, the joint structure of
the tip is mirrored in the handle (Fig. 5). A similar approach is

011007-4 / Vol. 12, MARCH 2018

seen in the 3D-printed Dragonflex device [12]. The joints are sim-
ilar to those situated in the tip, with a few exceptions. (1) In order
to keep the steering ribbons under tension, two equal tension
mechanisms have been added to the connecting element between
the two joints (Fig. 5). The tension mechanisms consist of a rec-
tangular metallic cube with a rectangular lumen through which
the steering ribbons are guided and an M2 set screw to fix the
steering ribbon in place. (2) The electrode cables are guided
through two separate rectangular lumens running from the apex of
the second planar joint groove toward and through the ring handle
parts, instead of being looped around the joint (Fig. 5). In this
way, by moving, opening, or closing the ring handle parts, the
jaws will rotate, open, or close, respectively. Furthermore, in
order to keep the electrode cables tensioned, two identical cable-
tensioning mechanisms have been added to the ring handle parts,
one for each tip jaw (Fig. 5). The cable tensioning mechanism
consists of a cylindrical tension knob screwed onto a square head
M2 full-threaded bolt that is placed within a square recess in the
ring handle (Fig. 5). Inside the M2 screw, a lumen (J1 mm) is
present through which the electrode cables are guided. To fix the
cables to the tensioning mechanisms, a small knot was made at
the distal end of the cables, and the lumens were filled with an
adhesive. By rotating the knob, the screw will translate left or
right (depending on the rotation direction) and, as such, will ten-
sion or release the electrode cables, respectively. (3) To increase
the stability of the joints and prevent the first joint from sliding
sideways, two cylindrical protrusions and two outer plates that
grip around the protrusions have been added to the joints them-
selves, the shaft, and the connecting element between the joints
(Fig. 5), respectively. (4) Furthermore, stops have been added to
the shaft, the connection element between the joints, and the ring
handles to prevent damage to the joints and cables due to exces-
sive bending (Fig. 5). Finally, to connect an electrosurgical unit to
the instrument, two fittings have been added to the ring handles
(Fig. 5). In Fig. 6, the complete final design is illustrated.

4 Prototype Development

4.1 Three-Dimensional-Printing Process and Material
Selection. Material selection is an important aspect of the design
process to allow for proper electrical conductivity and heat
capacity in both the conductive and insulating parts of the
instrument. In Table 1, an overview is given of the selected
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Fig. 5 Final handle design. The handle allows for steering the two joints by mirroring the joint in the handle, opening and
closing of the tip jaws, tensioning the steering ribbons and electrode cables, and connecting the electrosurgical unit. Left:
total handle design in the closed configuration. Middle: Handle in the open configuration. Right; exploded view of the handle.

3D-printable materials and their material properties. At an early
stage of the design process, more 3D-printable materials were
considered. However, another factor that was taken into account
was the resolution of the printer, which was often insufficient for
our purposes. Therefore, for the polymeric parts (joints, shaft, and
handle), we decided to use the Perfactory 4 Standard (Envision-
Tec GmbH, Gladbeck, Germany) 3D-printer, which allows for
high accuracy part manufacturing (with a resolution of 100 um,
100 um, and 15-150 pm in the x, y, and z directions, respectively)
[13]. The material used for our prototype is R5 red, a liquid
photopolymer that produces robust, accurate, and functional
parts with a flexural modulus of 1190-1383 MPa and tensile
strength of 31-39 MPa [14]. Unfortunately, the thermal capacity
and electrical resistivity are untested for this polymer. We, there-
fore, experimentally determined these variables. To determine the
thermal capacity, a heat element (HM6800, Minco, Minneapolis,
MN) connected to the RS test rod and a power unit (ES 030-5,
Delta Elektronika, Zierikzee, The Netherlands; controlled and
measured by NI USB-6008, National Instruments, Woerden, The
Netherlands) were placed inside an insulated box (220 mm
x 200mm x 120 mm; / X w x h). The thermal capacity was meas-
ured using four thermocouples (NI 9211 in combination with NI
USB-9162, National Instruments, Woerden, The Netherlands):
one for the outside temperature, one for the inside temperature,
one for the heat element, and one for the R5 test rod. Three con-
secutive tests were performed. Based on these tests, the thermal
capacity was estimated as 1182 =69 J/kgK (m=0.00428 kg),
which is sufficient for our application. The electrical resistivity
of the material was determined by connecting an electro-
meter (6517A, Keithley, Beaverton, OR) to the R5 test rod. A
value of >1.67 x 10'® Om was determined (R > 1x 10" Q,

Journal of Medical Devices

A=90x10"° mz, and L =0.15 m), which is again sufficient for
our application.

For the metal tip jaws, the SLM 125 (ReaLizer GmbH, Borchen,
Germany; using an exposure time of 20 us, point distance of
10 um, and laser current of 1100 mA) 3D-printer was used as this
printer allows for high-precision printing (with a resolution of
20-100 pm in the x, y, and z directions) of the biocompatible tita-
nium alloy Ti6Al4V [15]. Ti6Al4V has a Young’s modulus of
113.8 GPa, ultimate tensile strength of 950 Mpa, electrical resis-
tivity of 1.8 x 107® Qm, and thermal capacity of 560 J/kgK [16],
making it highly suitable as a functional part and for guiding elec-
trical currents. However, to be sure that the printing process did
not significantly influence the electric resistivity and thermal
capacity, two small experiments were conducted. First, the ther-
mal capacity was measured using the same facility as previously
described for the RS test rod, and was roughly estimated as
732 =61 J/kgK. Note that this value may differ per 3D-printer
and printer setting. Second, the electrical resistivity was measured
using an electrometer (2601B, Keithley, Beaverton, OR) and was
determined as 7 x 10°° Qm (with R=0.0108 Q, A =32.2mm”’,
and L =50 mm). It can be seen that the printing process (nega-
tively) affects the thermal capacity and electric resistivity of the
titanium alloy, which is most likely caused by the porosity of the
titanium. Even so, the thermal capacity and electrical resistivity
are still suitable for our application.

4.2 Cable Selection and Conventional Parts Manufacturing.
Next to the 3D-printed parts, some parts were manufactured or
ordered, as no suitable 3D-printed alternative was available. This
was the case for the steering cables, ribbons, and tension

MARCH 2018, Vol. 12 / 011007-5
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Fig. 6 Final design. The final design consists of two movable tip jaws, joint 1 to move the tip up- and downward with curve
angles of =90 deg, joint 2 to move the tip sideways (left-right) with curve angles of =65 deg, a rectangular 5 mm shaft to guide
the steering ribbons and electrode cables toward the handle, the two mirrored joints in the handle, two ring handle parts to
open and close the tip jaws, two tension mechanisms to tension the electrode cables (consisting of a tension bolt and ring; sit-
uated in the handle) and steering ribbons (consisting of a rectangular box, a tension plate and M2 set screw; situated in the
mirrored joint 1), 2 @0.45 mm electrode cables, and 2 (4 mm wide; 0.2 mm thick) polymeric steering ribbons.

Table 1 Material properties of the selected 3D-printable materials

Material properties
3D-printed Young’s Ultimate tensile Electric Thermal capacity
material 3D-printer modulus E (GPa) strength U (MPa) resistivity ¢ (Qm) C (J/kgK)
Photopolymer R5 Perfactory 4 Standard 1.2-1.4° 31-39* >1.67-10"¢ 1182 = 69°
(EnvisionTec GmbH,
Gladbeck, Germany)
Ti6Al4V SLM 125 (ReaLizer GmbH, 113.8° 950° 7-107% 732+ 61°

Borchen, Germany)

“From data in Ref. [14].
From data Ref. [16].
“Experimentally determined.

mechanisms, as 3D printing of flexible and axially stiff metals, as
well as printing of miniature screw threads, is still very difficult to
achieve. For the electrode cables, we decided upon using
?0.45 mm stainless steel AISI 316 6 x 19 cables (0229, Engel-
mann, Hannover, Germany) [17]. These stainless steel cables are
biocompatible, axially stiff with a high break load of 148 N [17],
and have a low electrical resistivity of 9.4 x 10~’ Qm (experimen-
tally determined), making them suitable as electrode and steering
cables. For the steering ribbon, it was decided to use a polymeric
ribbon (0.3 mm thick, 4 mm wide). As the mechanical properties
of the ribbon were unknown, a small experiment was performed
in which the ribbon was fixed in a universal testing machine
(2010, Zwick, Venlo, The Netherlands). From this small experi-
ment, it was determined that the ribbon has a high break load
(Fyreak) of 184*+16.5 N (n=3), an ultimate tensile strength
(Giensite) Of 1533 =13.75MPa (n=3), a strain (¢, n=1) of
2.3 x 107% (0.02% at 50 N) — 0.37 (37% at Fyrear), and a Young’s

011007-6 / Vol. 12, MARCH 2018

modulus (E) of approximately 456.4MPa (n=3), making it
highly suitable as a steering cable. If we compare these values
with that of a similar thickness stainless steel 1x 7 ¢0.3 mm
cable, the ribbon has a significantly higher break load [17]. Note
that no fatigue tests were performed, as the applied stress during
actuation (<10 N) and minimum radius of curvature of cables and
ribbon were kept under the fatigue limit (see also Jelinek et al.
[12] on this topic) and the grasper is intended as a patient-specific,
and thus disposable, device in the near future with a limited
lifetime.

The steering ribbons and electrode cables were connected to the
prototype using Pattex Instant Glue. Finally, the electrode cable
and ribbon tensioning systems were manufactured using conven-
tional manufacturing methods out of polyether ether ketone to
prevent short circuits. In Fig. 7, an expanded view of the prototype
is presented and in Fig. 8, the final, assembled prototype is dis-
placed in several positions.
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Fig. 7 Exploded view of the final prototype. The final design
consists of the two titanium movable tip jaws, joint 1 to move
the tip sideways (left-right) with curve angles of =65 deg, joint 2
to move the tip up- and downward with curve angles of
+90deg, a rectangular 5 mm shaft to guide the steering ribbons
and electrode cables toward the handle, the two mirrored joints
in the handle, two ring handle parts to open and close the tip
jaws, two tension mechanisms to tension the electrode cables
(consisting of a titanium tension bolt and ring; situated in the
handle) and steering ribbons (consisting of a stainless steel
rectangular box, a stainless steel tension plate and stainless
steel M2 set screw; situated in the mirrored joint 1), 2 @0.45 mm
electrode cables (biocompatible stainless steel AISI 316 1 x 7
cables [LI000017, Carl Stahl Technocables GmbH, Sussen, Ger-
many]), and 2 (4mm wide; 0.2mm thick) polymeric steering
ribbons.

5 Proof of Principle Experiment

In this section, we discuss the experiment we performed with
the prototype. Two experiments were executed: in the first experi-
ment, the movement and strength of the grasper were tested, and
in the second experiment, the electrical circuit and the accompa-
nying coagulating abilities were verified.

5.1 Dependent Variables

5.1.1 Movement and Mechanical Strength. The following
dependent variables were tested:

e Output angle (deg): The output angle of both joints was
measured for different input angles.

e Bending stiffness (N/mm). The bending stiffness of both
joints was measured independently in a straight
configuration.

5.1.2  Electrosurgical Functionalities. The following depend-
ent variables were tested:

e Instrument temperature (°C). During activation of the electri-
cal circuit, the temperature of the instrument was measured
at various locations. A maximum instrument temperature of
40°C was deemed acceptable to prevent unwanted tissue
damage.

e Tissue temperature (°C). In this test, we evaluated how well
the instrument could coagulate or destroy biological tissue.
For this purpose, the tissue temperature was measured during
activation of the grasper. A tissue temperature of approxi-
mately 65 °C is needed for coagulation and 100 °C for dissec-
tion purposes.

5.2 Independent Variables. The following independent vari-
ables were tested:

5.2.1 Movement and Mechanical Strength

e Input angle joint 1 (Ribbon) (deg). Input angles of 0 and
65 deg were tested for joint 1.

Journal of Medical Devices

Fig. 8 Final prototype. Top: prototype with open tip jaws.
Middle: prototype with joint 2 in the maximum curve angle of
approximately 85 deg. Bottom: prototype with joint 1 in the max-
imum curve angle of 65 deg.

e Input angle joint 2 (Tip) (deg). Input angles of Odeg and
90 deg were tested for joint 2.

5.2.2 Electrosurgical Functionalities

e Power (W). The instrument was tested at the 80 W setting of
the electrosurgical unit.

5.3 Experimental Facility. The input and output angles were
measured using a protractor and camera placed directly above the
prototype (Fig. 9). The bending stiffness of both joints was
evaluated using a universal testing machine (LS/00, Lloyd Instru-
ments, Bognor Regis, UK) in which the prototype was horizon-
tally suspended (Fig. 9). For the electrosurgical functionalities
test, the prototype was connected to an electrosurgical unit
(ICC300, Erbe GmbH, Tiibringen, Germany). Subsequently, the
instrument and tissue temperature were measured using an infra-
red camera A35 (FLIR, Wilsonville, OR). As a tissue phantom, a
fresh piece of pig liver was used (Fig. 9).

5.4 Experimental Protocol. The movement and mechanical
strength experiments were executed without activating the electri-
cal circuit. The output angles were measured for all input angles
(0 and 65 deg for joint 1 and 0 and 90 deg for joint 2). Each condi-
tion was tested 3 times, resulting in a total of 12 measurements.
Finally, the bending stiffnesses of joints 1 and 2 were evaluated
individually in the straight configuration. Again, each condition
was tested 3 times, resulting in six measurements.
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Fig. 9 Schematic representation of the experimental facility movement and mechanical strength and electrosurgical function-
alities tests. Top: input-output angle measurement facility consisting of the prototype placed above two protractors and a
camera to record the joint angles. Bottom left: bending stiffness measurement facility consisting of the prototype clamped
horizontally in the universal testing machine (LS100, Lloyd Instruments, Bognor Regis, UK). Bottom right: the experimental
facility for the electrosurgical facility test consisted of the prototype connected to an electrosurgical unit (ICC300, Erbe GmbH,
Werkendam, The Netherlands), an infrared camera (LSLT, Optris, Berlin, Germany), and a piece of tofu or pig liver.

The electrical circuit was evaluated by measuring the tempera-
ture of the instrument and pig liver by setting the ICC300 electro-
surgical unit to 80 W. A maximum activation time of 5s was
chosen. According to a study of Meeuwsen et al. [18], the average
activation time of an electrosurgical tool is in between 1.4s and
3.0s depending on the experience of the surgeon, with a
maximum of approximately 15s. We, therefore, set the maximum
activation time of our grasper at 5s. The instrument and tissue
temperatures were measured 3 times.

5.5 Data Analysis. From the input and output angle data, the
energy losses from handle to tip were calculated. The data from
the universal testing machine were processed using Microsoft
Excel to determine the bending stiffness of the joint.

For the electrosurgical functionalities experiment, the data from
the infrared camera A35 were read out using PLEORA GEV software
(Pleora Technologies, Ottawa, ON, Canada) and a program was
written to visualize and analyze the tissue temperature over time.

6 Results and Discussion

6.1 Movement and Mechanical Strength. The proposed
bipolar steerable grasper increased the workspace of currently
available rigid bipolar graspers. The addition of the joint allows
the tip orientation to be controlled, making it possible to reach
around structures that would otherwise obstruct the surgery. The
instrument can be easily maneuvered and controlled using the ring

011007-8 / Vol. 12, MARCH 2018

handles, resulting in a smooth movement of the tip joints. The low
steering forces are a result of the design of the joints in which the
steering ribbons and cables are placed at the outer edge of the
joint to maximize the moment arms. Furthermore, as the ribbon
has a very low thickness and is made from braided polymer
strands, the bending stiffness is low, again, decreasing the steering
forces. The tip of the instrument follows the movement of the han-
dle of the instrument nicely with minimal energy loss, reaching an
output angle of 65deg for joint 1 and 85deg for joint 2 (5.6%
energy loss). The minimal energy loss is, again, most likely due to
the design of the joints, which minimizes steering forces and thus
elongation of the steering ribbons and cables. The grasper does
illustrate some hysteresis, mainly due to the friction of the cylin-
drical joint and ribbons with the shaft. However, we feel that this
can be minimized by material choice and adding a (dry) lubricant.
The bending stiffness was on average 4.0 N/mm (0.7 N/ deg or
7.9-1072 N-m/deg) for joint 1 (ribbon; n=3; range 3.35-4.48;)
and 4.4 N/mm (1.5 N/ deg or 2.9-10"% N-m/ deg) for joint 2 (tip;
n=3; range 3.43-5.14). When compared to the currently avail-
able steerable instruments investigated in the study of Jelinek
et al. [8], the bending stiffness of the developed instrument is
between 1.4 and 7.8x higher than the currently available tools in
the straight configuration, which allows for high precision steering
and support during the procedure. The reason for this high bend-
ing stiffness is the unique joint design. Both joints allow for only
1DOF radially rotating motion (planar) and restrict axial rotation
and shortening (energy storage). Furthermore, due to the maxi-
mized moment arms, the joint diameter could be maximized, thus
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Fig. 10 Electrosurgical grasper coagulating a piece of pig
liver. Left: the electrosurgical grasper with pieces of coagulated
pig liver (see the cyan rectangle). Middle: infrared image of the
grasper during coagulation. Right: graph of the tissue tempera-
ture over the time. The temperature of the pig liver reached
approximately 75°C with an activation time of only 5s, coagu-
lating and desiccating the liver between the tip jaws. The power
was set to 80 W.

reducing the influence of residual (radial) forces. Finally, the use
of the ribbon maximized the cross-sectional area, while not nega-
tively affecting the moment arms, which resulted in an increase of
the bending stiffness.

6.2 Electrosurgical Functionalities. The ability to effec-
tively coagulate tissues to stop excessive bleeding during surgery
is a necessity for many surgical procedures. In a proof-of-
principle experiment, the grasper demonstrated the ability to
safely guide an electrical current from the handle to the tip in
order to coagulate and destroy tissue in direct contact with the
movable jaws (see Fig. 10), with a maximum measured tissue
temperature of 75 °C for an activation time of only 5 s. The instru-
ment temperature stayed well below 40 °C due to the large cross-
sectional area and low electric resistance of the looped electrode
cables, except from the tip, which reached approximately 60 °C.
The tip of the grasper increased in temperature due to the
increased resistance introduced by the 3D-printing process. An
improved printing process can potentially minimize this tip heat-
ing effect in the near future. Additionally, an extra isolating layer
may be added to the tip jaws.

6.3 Current Limitations of 3D-Printing. We have illus-
trated the ability to 3D-print a steerable electrosurgical grasper for
use in MIS. During this process, it became apparent that even
though we have made huge progress in the last 10 years with
3D-printing technology, there are still some limitations that need
to be overcome (see also Appendix). Mainly, with respect to metal
3D-printing, some challenges need to be overcome in order to
allow for manufacturing of small functional parts. As of today, no
suitable 3D-printing process exists that provides a similar
mechanical strength and behavior to off-the-shelf cables and rib-
bons. Moreover, printing of functional parts or components, such
as screw threads, is also challenging, especially on a miniature
scale. It was also seen that the 3D-printing process can negatively
affect the electrical properties of the material, resulting in the

Journal of Medical Devices

higher electric resistivity of the 3D-printed titanium compared to
conventionally manufactured titanium (7 x 107® Qm versus
1.8 x 107® Qm, respectively), most likely caused by pores in
the material. Even though 3D printing is still not suitable for
large-scale manufacturing of MIS instruments, they are rapidly
developing. 3D-printers are becoming faster and cheaper, while
simultaneously allowing for printing smaller parts at higher reso-
lutions. Together with the versatility of 3D printing, we, therefore,
feel that in the near future, many implants and MIS instruments
will be manufactured using this technique.

6.4 Future Steps and Recommendations. The proposed
grasper demonstrated the ability to change the position of the tip
relative to the shaft and to coagulate tissues, using only 20 parts.
Future developments of this instrument should be focused on
exploring different 3D-printed materials and configurations of
joint placement, shaft shapes, tip configurations, and handle
designs. The location and shape of the connector could be
optimized to allow for easy operation and connecting to the elec-
trosurgical unit. Furthermore, in order to manufacture patient-
specific tools in the near future, pre-operative data, such as data
from a chronic total occlusion or magnetic resonance imaging
scan, should be fed into 3D-CAD modeling software to calculate
the most optimal shape. This 3D-CAD model could, subsequently,
be 3D-printed and assembled prior to the procedure, allowing for
patient-specific instruments that will benefit both the patients and
surgeons by improving the fit of implants and allowing for safely
navigating through tight spaces, among others.

7 Conclusions

This study presents the design and validation of the first adapta-
ble and steerable 3D-printed bipolar electrosurgical grasper
(CJ 5 mm shaft cross section). The addition of a steering segment
significantly increases the reach of the tool, whereas the
3D-printed fabrication protocol means that the design of the
instrument is both versatile and adaptable. The instrument pro-
vides 2DOF over two joints with a curve angle of *65deg for
sideways (left-right) movement (actuated by two polymeric steer-
ing ribbons that are 0.3 mm thick and 4 mm wide and =85 deg for
up- and downward movement (actuated by two 0.45 mm elec-
trode cables). The joints have a significantly higher bending stiff-
ness (by a factor of between 1.4 and 7.8x) than currently available
steerable instruments, mainly due to the placement of the cables
and ribbons at the outer edge of the instrument and the joint geom-
etry, which restricts axial rotation and translation. The tip jaws
can be opened and closed with angles up to 170 deg and can be
used to coagulate tissues in between the jaws as they are con-
nected to the two electrode cables that both actuate the bending
motion and guide electrical current from the handle toward the
tip. In the handle, the two 1DOF planar joints are mirrored and the
tip jaws are replaced by a ring handle (similar to the handle of a
pair of scissors) to control the tip joints and opening and closing
of the movable jaws. Furthermore, in the ring handles, an elec-
trode cable tension mechanism was integrated to keep the cables
and joints under tension, and an electrode connector was added to
connect an electrosurgical unit to the device. The instrument
requires very little steering forces and has demonstrated the ability
to coagulate soft tissues, with measured tissue temperatures of
75°C for an activation time of only 5s. This 3D-printed instru-
ment is the first in its class and opens up future opportunities for
patient-specific surgery with a considerably higher reach than the
rigid instruments currently available.
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Nomenclature

A = cross-sectional area (m?)
C = heat capacity (J/kgK)
DOF = degrees-of-freedom
F = load applied to the system (N)
Foreax = load at which the material breaks (N)
3D = three-dimensional
L = length (m)
m = mass (kg)
MIS = minimal invasive surgery
O = added heat (J)
R = electrical resistance (Q)
AT = change in temperature (K)
0 = deflection (mm)
&= strain (...)
Grensite = tensile stress (N/m?)
0 = electrical resistivity (Qm)

Appendix: Joint Selection Process

In this section, we will discuss the fundamental joint categori-
zation and the selection process of the final joint design based on
the printability, joint requirements, and bipolar requirements.

A.1 Fundamental Joint Categorization. The main challenge
of designing a steerable electrosurgical tool is to achieve a reliable
and safe way of guiding the current through or around the joint.
For this purpose, we have made a fundamental categorization of
joint types and ways of guiding the electrical current through or
around the joint (Fig. 11). A first subdivision is based on

geometrical properties of the joints (Fig. 11). The first group con-
sists of joints made from a single component (one-piece (compli-
ant) joint). These joints depend purely on the dimensions of the
flexural part enabling the bending and the joint’s material proper-
ties, such as stiffness or yield strength. Since the joint is formed of
a single piece and operates within the range of the material’s elas-
tic deformation, it essentially acts as a spring. An example of such
a joint is a leaf spring. The second group consists of joints made
from more than one component (multipiece joint). These joints
rely on either high enough friction between the moving parts in
rolling joints, or relatively low friction in sliding joints, to transfer
the motion.

A second subdivision is based on how the current flows through
the joint (Fig. 11). The one-piece and multipiece joint groups are
each divided into three groups: completely conducting, partially
conducting, and nonconducting joints. In the completely conduct-
ing group, the joint itself is made entirely out of conducting mate-
rial. The joint structure effectively doubles as the electrode. Since
the entire joint is conductive, an outer insulating layer is needed
to prevent any current from entering the body other than at the tip
of the instrument (Fig. 11). In the partially conducting group, the
joint is made from two different materials: a conducting and a
nonconducting material. In this group, the electrode is embedded
into the joint and is printed in the same cycle as the nonconduct-
ing component to create a single part. Finally, in the nonconduct-
ing group, the joint itself is made entirely from nonconducting
material; separate electrodes are needed to guide the electricity
through the joint. The key difference between the partially conduct-
ing and nonconducting group is that the electrode in the partially
conducting group are embedded inside the joint and cannot be
removed, whereas the electrodes in the nonconducting group are
inserted into the joint after manufacturing in an assembly stage.

Within the nonconducting group, a second distinction can be
made between externally placed electrodes and internally placed
electrodes. The externally placed electrodes are guided around the
joint, necessitating an insulating layer (Fig. 3) to prevent any cur-
rent from entering the body, whereas the internally placed electro-
des are guided through the joint itself and thus do not require an
insulating layer (Fig. 11). It is, however, advisable to use an insu-
lating layer (or sealing) as current leakage (as a result of insulation
failure) is thought to be responsible for most injuries caused dur-
ing electrosurgery [19].

Current through steerable joint

One-piece joint
(compllant) |:>_<] )
Completely Partially Non-conducting
conducting conducting joint
joint joint (embedded) (separate wire)
| e— | I_|_|
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| zzrrrrrrrrrrrrrrrrrrs)
[X]%
L~ ~1
=

Optional sealing

Fig. 11
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i ————
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L ==
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Fundamental joint categorization. The conductive material is indicated with dashed surfaces. The insulating material

is indicated with the lightly shaded surfaces. The sealing is indicated with the darkly shaded rectangular surfaces.
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Fig. 12 Fundamental joint categorization based on printability. The one-piece completely conducting joint, one-piece partially
conducting joint, and multipiece partially conducting joint are eliminated as flexible conducting materials are currently
not available for 3D-printing and multimaterial printing is still limited. The conductive material is indicated by the dashed surfa-
ces. The insulating material is indicated by the lightly shaded surfaces. The sealing is indicated by the darkly shaded slender

rectangular surfaces at the outer edges of the joint.

A.2 Joint Selection Process

A.2.1 Elimination Based on Printability. Although 3D
printing of polymers has come a long way since it was first
introduced in 1981 (by Hideo Kodama [20]), 3D printing of
high-precision structural metal parts has not yet come as far.
The main consequence this will have for us is that it is not
possible yet to print flexible conducting materials (metals). As
can be seen from Fig. 11, four joint groups rely on flexible
(conducting) components. However, only two of those groups
rely on flexible conducting components that have been 3D-
printed; the one-piece (compliant) completely conducting joint
group and one-piece (compliant) partially conducting joint
group. Since we cannot make such components with current
technologies, these two groups will be eliminated. Furthermore,

|4

for the multipiece partially conducting joint group, a multima-
terial printer is needed. Unfortunately, 3D-printers that can
print multiple materials, specifically metallic and polymeric
materials, in one cycle, are not readily available. Therefore,
the multipiece partially conducting joint group is also elimi-
nated. This leaves us with the one-piece nonconducting joint,
multipiece completely conducting joint, and multipiece noncon-
ducting joint groups (Fig. 12).

A.2.2 Elimination Based on Joint Requirements. Joints can
be fundamentally divided into planar, universal, and spherical
joints. In Fig. 13, schematic representations of these joints for the
one-piece and multipiece configurations are given. A planar joint
allows for one rotational DOF, resulting in a two-dimensional

Fig. 13 Fundamental joint design. Top left: one-piece (compliant) planar joint. Top Middle:
one-piece (compliant) universal joint. Top right: one-piece (compliant) spherical joint. Bottom
left: multipiece planar joint. Bottom middle: multipiece universal joint. Bottom right: multipiece

spherical joint.
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Fig. 14 Fundamental joint categorization based on printability and design requirements. The conductive material is indicated
by the (dashed) darkly shaded surfaces. The insulating material is indicated by the lightly shaded surfaces. The sealing is indi-
cated by the darkly shaded rectangular surfaces at the outer edges of the joints.

circular workspace. An example of such a joint is a leaf spring (one-
piece) or hinge joint (multipiece). The universal joint allows for two
rotational DOFs, resulting in a three-dimensional spherical work-
space. Finally, spherical joints allow for three rotational DOF. An
example of a multipiece spherical joint is a ball and socket joint.

By looking at the joint requirements and wishes for our instru-
ment, we can eliminate several groups from our joint designs. As
previously discussed, the joint should allow for 2DOF bending
motion. For planar joints, this can only be achieved by placing
two joints in sequence. The universal and spherical joint allow for
2 and 3DOF motions, respectively. Another requirement is that
the joint should be torsional stiff. This eliminates the spherical
joint, since this allows for axial rotation and is thus not torsional
stiff. Furthermore, when taking a step back to the fundamental
joint categorization scheme in Fig. 11, it becomes clear that a tor-
sional stiff 2 DOF nonconducting one-piece joint is not possible
as a single flexible joint with 2 DOF results in a narrow joint
design as shown in Fig. 13. Even though it is possible to create a
semistiff onepiece nonconducting joint by placing two planar
joints in sequence, the flexibility (or compliancy) requirement of
this joint design (and thus the used material) enables some axial
rotation. Furthermore, such a joint requires a continuous force to
keep it in a bent state, as it always tries to return to its neutral,

011007-12 / Vol. 12, MARCH 2018

straight, state, and, if allowed, the joint may overstretch thus intro-
ducing plastic deformation, after which the joint will not return to
its straight neutral position. Therefore, this joint group is elimi-
nated. Now only four main groups remain (Fig. 14): multipiece
completely conducting planar joint (2x), multipiece completely
conducting universal joint, multipiece nonconducting planar joint
(2x), and multipiece nonconducting universal joint.

A.2.3 Elimination Based on Bipolar Requirements. In
Secs. A.1, A.2.1, and A.2.2, we assumed a simple one-way current
through the joint (monopolar). However, in a bipolar electrosurgi-
cal instrument, two separate current paths should be guided
through the joint: one active and one return electrode. Therefore,
in this section, we will create a bipolar representation of the multi-
piece completely conducting universal joint, multipiece com-
pletely conducting planar joint (2x), multipiece nonconduction
universal joint, and multipiece nonconduction planar joint (2x)
(Fig. 15). To make the multipiece completely conducting univer-
sal joint and planar joint (2x) suitable for a bipolar application, it
is a necessity to add an insulating layer in the joint to separate the
active and return electrode (see Fig. 15). As previously discussed,
a multimaterial 3D-printer that can print metallic and polymeric
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Fig. 15 Bipolar versions of the Joint designs. Top row from left to right: multipiece completely
conducting planar joint (2x), multipiece nonconducting planar joint (2x) with internal electro-
des, and multipiece nonconducting planar joint (2x) with external electrodes. Bottom row from
left to right: multipiece completely conducting universal joint, multipiece nonconducting
universal joint with internal electrodes, and multipiece nonconducting universal joint with
external electrodes. Due to the inability to print the multipiece completely conducting joints
and the preference that the electrode cables are guided through the instrument, the multipiece
nonconducting joints with internal electrodes will be developed further (indicated by the black
rectangular boxes). The conductive material is indicated by the darkly shaded surfaces. The
insulating material is indicated by the lightly shaded surfaces. The sealing is indicated by the
darkly shaded slender rectangular surfaces at the outer edges of the joints. The completely
conducting joints are subdivided into an active and return electrode. In the nonconducting
joints, the active and return electrode are indicated with the dashed slender rectangular
surfaces.
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Fig. 16 Scaled prototype multipiece nonconduction universal joint. Left: renderings of
the multipiece nonconduction universal joint consisting of two “shafts” with rounded
cylindrical recesses and a spherical cross. Right: scaled (3x) printed prototype. The arrow
indicates the weakest part of the prototype, which, when printed on a 5 mm scale, will be
too weak. Therefore, this design was eliminated.

elements in one cycle is not readily available. Therefore, this cate-
gory is eliminated. For the bipolar configuration of the multipiece
nonconduction universal joint and planar joint, two different con-
figurations need to be taken into account; one with external elec-
trodes and one with internal electrodes (Fig. 15). To make the
multipiece nonconduction universal joint and planar joint suitable

Journal of Medical Devices

for bipolar application, it is a necessity to add one or more elec-
trode cables to the joint that will make up the active and return
electrode, respectively.

For the external electrode category, the electrode cables need to
be insulated, both from each other and the environment, whereas
external insulation is no issue in the internal electrode category.
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Fig. 17 Conceptual one-piece nonconduction planar joint design

Therefore, the internal electrode category is preferred.

Based on the discussed pros and cons of the bipolar representa-
tion of the given joint categories, only two joint designs
remain: multipiece nonconduction universal joint and multipiece
nonconduction planar joint (2x), both with internal electrodes. To
test the feasibility of these designs, two scaled (2x) prototypes
were manufactured using a Perfactory 4 Standard (EnvisionTec,
Dearborn, MI) 3D printer. From these prototypes, it became clear
that the multipiece nonconduction universal joint would be too
weak and fragile when printed on a Smm scale (Fig. 16). We,
therefore, decided to eliminate this category. In Sec. A.2.4, the
multipiece nonconduction planar joint (2x) with internal electrode
will be developed further.

A.2.4 Conceptual Joint Design. In Fig. 17, a schematic draw-
ing of the conceptual joint design is given. As can be seen from
Fig. 17, the design contains a square shaft and two serially
placed planar joints. The main benefit of using a square shaft
over a circular shaft is that the planar joints can be maximized
in size and thus in strength. The first planar joint moves the
instrument left and right with a curve angle of 130deg (65 deg
in each direction) and consists of a large cylindrical barrel that
is confined (on two sides) by a semicylindrical recess in the
shaft (Fig. 17). Two steering cables located at the circumference
of the barrel actuate the joint (Fig. 17). To prevent cable kinking
during bending, the barrel contains two hourglass shaped
lumina. The second (more distal) planar joint moves the tip
upward and downward with a curve angle of 180deg (90 deg in
both directions) and consists of a (open) hinge joint in which
the tip section contains a semicylindrical groove that clicks
upon a fixed axle (Fig. 17). To steer the joint and to guide elec-
tricity to the tip, two @0.5 mm cables are used, which are guided
through two separate lumens in the center of the first joint and
are looped around two separate circular grooves in the tip sec-
tion (Fig. 17). By tensioning the cables, friction between the
cables and grooves will keep the cable in place during move-
ment. However, for safety, a small hole is present at the apex of
the circular grooves through which glue can be applied to fix
the cables in place. From here, they follow the same path back
to the handle of the instrument. By creating a loop at the end of
the cables, the effective diameter of the cables is doubled,
allowing for higher forces that can be exerted on the tip portion.
Furthermore, by using a looped cable that bypasses both joints,
the chance of electrical interruptions (by loose connections or
contacts) and the risk of cable loosening are minimized.

011007-14 / Vol. 12, MARCH 2018

A.3 Joint Optimization Process

A.3.1 From Cables to a Ribbon. In most steerable instru-
ments, two cables are used to control 1DOF, one for each direc-
tion. The required cross-sectional area (or size) of the steering
cables is dependent on the required force to bend the joint and the
bending stiffness of the cable itself. Instead of 2 cables to control
1 DOF, it is, therefore, also possible to use several smaller cables
or even a rectangular ribbon with an equal cross-sectional area.
The use of a ribbon to control the joint has two main advantages.
First, the wires can be placed very close to the edge of the joint,
increasing the moment arm of the cables and thus reducing the
required force for bending, as well as increasing the joint size and
bending stiffness of the joint (Fig. 18). Furthermore, the increase
in joint size increases its stability, allows for the incorporation of
thicker internal electrode cables, and allows for it to function as a
guidance structure for the cable ribbon during bending motions.
The second advantage is the bending radius these wires can
accommodate. As a rule of thumb, the bending radius of a cable
should not be lower than 5x its diameter to prevent cable fatigue.
By minimizing the cable thickness, smaller radii can be navigated.

A.3.2 Tip and Joint Integration. The distance between the
tip (with the movable jaws) and the joints should be as small as
possible to allow for direct steering and precise tip positioning. In

Joint 2

\! I Z.
C : }joiml ( ﬁ

N ‘
Steering ~
| N € Ribbons N
’\ ‘ ‘ Positive (Active) Electrode
Negative (Return) Electrode

Fig. 18 Optimization of the one-piece nonconduction
planar joint design; from cables to a ribbon
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Fig. 19 Optimization of the one-piece nonconduction planar
joint design: tip and joint integration

order to minimize the distance between the tip and joints, it was
decided to integrate the tip section with the second planar joint.
For this purpose, the shaft distally to the second joint was cut
through the midline, giving to (basic) separate tip jaws (Fig. 19).
To each of the jaws, one of the electrode cables is connected. As
such, the second (distal) planar joint and the connected electrode
cables enable the rotation of the entire tip, as well as the opening
and closing of the jaws (Fig. 19).
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