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The endonasal transsphenoidal approach allows surgeons to access the pituitary gland through the natural orifice of the nose.
Recently, surgeons have also described an Expanded Endoscopic Endonasal Approach (EEEA) for the treatment of other tumours
around the base of the brain. However, operating in this way with non-articulated tools is technically very difficult and not widely
adopted. The goal of this study is to develop an articulated end-effector for a novel handheld robotic tool for the EEEA. We present
a design and implementation of a 3.6mm diameter, three degrees-of-freedom, tendon-driven robotic end-effector that, contrary to
rigid instruments which operate under fulcrum, will give the surgeon the ability to reach areas on the surface of the brain that were
previously inaccessible. We model the end-effector kinematics in simulation to study the theoretical workspace it can achieve prior
to implementing a test-bench device to validate the efficacy of the end-effector. We find promising repeatability of the proposed
robotic end-effector of 0.42mm with an effective workspace with limits of ±30o, which is greater than conventional neurosurgical
tools. Additionally, although the tool’s end-effector has a small enough diameter to operate through the narrow nasal access path
and the constrained workspace of EEEA, it showcased promising structural integrity and was able to support approximately a 6N
load, despite a large deflection angle the limiting of which is scope of future work. These preliminary results indicate the end-effector
is a promising first step towards developing appropriate handheld robotic instrumentation to drive EEEA adoption.
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1. Introduction

Robotic-Assisted Minimally Invasive Surgery (RAMIS) has
allowed for precise and accurate instrument dexterity and
articulation despite reaching anatomical sites with re-
stricted access.1 This trait could highly benefit complex
procedures such as those in the field of neurosurgery.2 Due
to its delicate subject matter and challenging operations,
neurosurgery has always been in need for adapting new
techniques and technologies, and surgical robotics could be
one such adaptation for both brain and spine applications.3

A specific neurosurgical procedure that would greatly
benefit from robotic articulation in instrumentation is the
Endoscopic Endonasal Transphenoidal Surgery (EETS).
The EETS approach is a Minimally Invasive Surgery (MIS)
technique that is performed via an anterior sphenoidotomy
and aims at the removal of sellar and parasellar lesions4

with the use of an endoscope and standard rigid instru-

ments. In recent years, there has been an increased interest
in the Expanded Endoscopic Endonasal Approach (EEEA)
that expands the EETS areas of interest to include the re-
gions from the cribriform plate of the anterior cranial fossa
to the foramen magnum in the anteroposterior plane.5 Al-
though a promising alternative to transcranial approaches,
that require craniotomies and brain retraction, the EEEA
comes with its limitations. 74% of surgeons asked in one
study,6 identified the limited surgical manipulation that the
standard non-articulated instruments offer as the biggest
challenge of the EEEA.

In this study, we report the development of a novel
design for a 3 degrees-of-freedom (DoF), tendon-driven,
spherical joint robotic end-effector intended for a handheld
robotic tool that aims to aid the EEEA. The end-effector
is actuated by a test-bench setup that will be replaced by
the handheld mechanism in future work. The design of the
end-effector which is presented in this work, and a prelim-

1



February 8, 2021 14:50 output

2 Emmanouil Dimitrakakis, George Dwyer, Lukas Lindenroth, Petros Giataganas, Neil L. Dorward, Hani J. Marcus, and Danail Stoyanov

inary concept rendering of how the handheld robotic tool
could be realised are shown in Fig. 1, alongside its poten-
tial application and workspace within EEEA. Our tendon-
driven mechanism has potentially increased distal-tip dex-
terity over standard instrumentation and can be fabricated
in a small diameter profile. Our initial experiments sug-
gest that the end-effector achieves favourable structural in-
tegrity, repeatability and workspace reach. Thus, despite
the early stages of prototyping, we believe it can be fab-
ricated such as to avoid breakage and fatigue limitations.
This robustness is a result of the fact that a spherical joint
can concentrate a relatively large amount of material de-
spite being manufactured in such constrained dimensions.

Fig. 1. Concept rendering of the handheld robotic tool and
the proposed end-effector. The red spheres represent tumours
on the pituitary gland (center of the brain) and besides it. The
articulation of the robot can aid in the removal of tumours from
these areas that often are in places where conventional tools
have difficulty in reaching, or can not reach at all.

2. Related Work

Robotic manipulators to aid in surgery is an extensive re-
search field which specifically for general MIS procedures,
is densely populated with systems that aim to expand the
capabilities of the surgeon. One such manipulator is an in-
traocular robotic snake intended for retinal microsurgery.7

This manipulator is actuated through a miniaturized ar-
ticulated segment controlled by 4 nitinol tendons. Similar
snake-like manipulators have been developed for Natural
Orifice Translumenal Endoscopic Surgery (NOTES) proce-
dures. Notable examples are an articulated distal tip with
seven independently controllable DoF arranged as two uni-
versal joints,8 a robotic platform that includes a snake-like
robotic endoscope equipped with a camera, a light-source
and two robotic instruments,9 and the IREP (Insertable
Robotic End-effectors Platform) robotic platform, a sys-
tem with continuum robots with active and passive flexible
segments that could also be used in different single-port
access surgical procedures.10 Expanding away from these
procedures, snake-like robotic manipulators have also been
used to aid the treatment of osteolysis, namely a contin-
uum dexterous manipulator with a pass-through channel
that houses a debriding tool.11

Robotic platforms have also been developed for min-
imally invasive neurosurgery, although they appear with
a lower frequency than systems for general MIS. Such
robotic platforms include the Neuromate (Renishaw May-
field, Lyon, France)12 and the the Pathfinder (Prosurgics,
High Wycombe, United Kingdom)13 which are stereotactic
robots used for neurological applications such as deep brain
stimulation and endoscopy. Even though there are promis-
ing robotic systems intended for minimally invasive neuro-
surgery, the majority of commercial and research platforms
still concentrate in aiding stereotactic and image-guided
approaches rather than keyhole neurosurgery.14 This is
mostly due to less invasive neurosurgical techniques being
highly challenging, especially because of their constrained
workspace.15

Specifically during EETS procedures, the workspace is
exceptionally limited and constrained by the nasal access
path. The surgical workspace is most closely represented
by a cylinder16 with a narrow middle diameter and an av-
erage volume of 15.97cm3, an average length of 53.9mm
and an average widest width of 19.08mm. The fact that
multiple rigid manual instruments must work inside such
a constrained space, makes the procedure challenging even
for expert surgeons.

Motivated by this demanding technical workspace, a
number of studies have reported robotic instruments for
EETS, as well as robotic holders, robots assisting in the po-
sitioning and the adjustment of tools.17–19 One such robotic
instrument for the EETS is a concentric tube bimanual tele-
operated endonasal skull base surgery system.20 A similar
platform consisting of concentric tube continuum robots
has been developed21 and evaluated,22 with the authors of
these studies conducting a phantom pituitary tumour re-
moval clinical experiment. Despite some of the possible ad-
vantages of concentric tube robots, there are still concerns
about the distal-end dexterity of these manipulators and
their force-delivery capabilities. Taking a different robotic
paradigm, a 2 DoF robotic tool with elastic elements has
been introduced23 and expanded24 to a 4 DoF elastic ele-
ments robotic instrument implementing a forceps-principle.
Limitations arose when the repeated deformation of the
tool lead to fatigue and potential breakage.

Aiming for the same procedure, a cable-based actua-
tion method for EETS has been reported and tested on a
5.8mm DoF steerable robot,25 as well as a 5mm visible for-
ceps manipulator with a novel linkage bending mechanism,
which realizes the flexible bending capability and high out-
put force.26 While promising, these studies present instru-
ments with larger diameters that could limit the workspace
of endonasal surgery, especially when multiple tools are in-
serted through the same nostril. Apart from surgical ma-
nipulators, promising improvements have also been made
in the field of robotic endoscopes, with one study present-
ing a 3mm steerable endoscope with a bending angle of 65o

controlled by a foot switch27,.28

As previously mentioned, in order to develop a robotic
end-effector that was both dexterous and robust, we de-
cided to develop a spherical-joint end-effector. The idea of
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using a spherical joint in a miniature robotic tool has been
explored and validated,29 without, however, a robotic tool
implementation in this particular study. In another work,30

a spherical joint is used as part of a robotic instrument
aimed for general MIS. In this work, the spherical joint is
part of a larger continuum robot body rather than being the
focal point of the development. As referenced in the study,
a limitation of having a spherical joint for wrist dexterity
as the last joint of a robotic tool, is that the instrument is
compressed under the high tension required to straighten
the joint, something not applicable when the spherical joint
acts as the sole manipulation means.

In summary, one of the main challenges when build-
ing a robotic end-effector to aid in the EEEA, as is evident
in pre-existing studies, is developing a dexterous miniature
end-effector that expands the limited workspace of the cur-
rent tools, while simultaneously being durable and reliable.
Our suggestion to solve this problem is utilizing an existing
joint-design, the spherical joint, and applying it to our end-
effector by way of specific design considerations, namely the
dimensions, parts-coupling and tendons placement, in such
a way that would serve our purposes, since this joint type
allows for dexterity while concentrating a large amount of
material in limited space and thus being durable. By us-
ing the spherical joint, that has been commonly used in
other works, as the focal point of our development, we have
resulted in an itself novel design for a neurosurgical end-
effector.

3. Materials and Methods

3.1. Design and Fabrication

When designing the robotic end-effector the main con-
straint we have is the very limited workspace. In transsphe-
noidal surgery, the main surgical workspace is the sphe-
noidal sinus which is mostly resembled by a 25mm diam-
eter sphere.31 This limitation, combined with the narrow
passage that the tool must follow to reach the sinus and
the fact that more than one instruments are often used
through the same nostril at the same time, lead to the need
for a small diameter. Our proposed robot mechanism has
a diameter of 3.6mm and a length of 19.4mm. Commer-
cially available tools for endonasal surgery have diameters
in the range of 1mm to 7mm, and end-effector lengths in
the range of approximately 10mm to 20mm,32 which deem
the proposed end-effector adequately small and simultane-
ously big enough to avoid breakages as discussed in Section
4.2.

We base the end-effector’s articulation properties
around the use of a spherical joint design rather than a more
traditional articulated design. This is motivated by using
the spherical joint as a platform for easy tool adaptation
and also for potentially enhanced robustness since a sphere
concentrates a large amount of material and is difficult to
break. Six nylon tendons, 2 for each DoF, with a diameter of
0.25mm terminate on the distal end of the sphere, passing

through 0.5mm diameter channels. The end-effector of the
robot is coupled on the distal end of the sphere completing
the robot assembly.

Additive manufacturing, and more specifically stere-
olithography (SLA), was used to print the initial imple-
mentation of our 3.6mm robotic end-effector. The print-
ing material was clear resin, a type of resin used in flu-
idics, optics and mold-making. This material was chosen
because it allows for printing resolutions as small as 25µm.
The printer used for this manufacturing was the desktop
3D printer Form 2 (FormLabs, Somerville, Massachusetts,
United States).

The robot end-effector is fixed on a stainless steel grade
316 seamless tube shaft of 3mm outer diameter and all the
tendons pass through 0.457mm diameter 304 welded hard
drawn stainless steel wire-guiding tubes, that do not allow
the tendons to get tangled with each other. This 3mm shaft
is then fixed on a test-bench setup that was used to validate
the end-effector’s efficacy. The test-bench setup consists of
an upper tendon-housing part that contains the axes where
the tendons terminate and their rerouting system, and a
lower actuation part with all the motors. It was again pro-
duced via additive manufacturing techniques, this time in
polylactic acid (PLA) plastic using the desktop 3D printer
Ultimaker S5 (Ultimaker, Geldermalsen, Netherlands).

The tendons starting from the joints of the end-effector
terminate on capstans that lie on three 3mm diameter rigid
stainless steel shafts on the tendon-housing part, which are
co-axially connected with the motor shafts on the actua-
tion part of the system. Each DoF is controlled by two
nylon tendons that are fixed on capstans on the same rigid
shaft. Since the tendon insertion points from the shaft to
the test-bench upper part are not colinear with their cor-
responding capstans, there is also a rerouting mechanism
that uses pulleys to redirect the tendons from their one
point to the other in order to reduce their backlash and
friction. The rerouting mechanism as well as the tendons
insertion points are shown in Fig. 2.

Fig. 2. CAD designs of the rerouting mechanism with the
tendon insertion points (left), and the tendon rerouting paths
(right).

For a deeper understanding of how the tendon pulling
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and pushing leads to robot joint movement, Fig. 3 depicts
the physical relationship between the tendons of one of the
robot DoF and the corresponding robot joint.

Fig. 3. Physical relationship between one of the robot joints
and its corresponding tendons.

The motors used for the actuation system were three
MX-28T Dynamixel Robot Servo Actuators (Robotis CO.,
Ltd, South Korea) with a stall torque of 25.5kg · cm and
an angular step resolution of 0.088o. Each actuator utilizes
an embedded PID-controller and communicates through a
USB-to-TTL bus at a rate of 50Hz. Motor selection for
this setup was based on the torque capabilities of the mo-
tors and their seamless integration into the system, a result
of their embedded encoders and controllers. A more sophis-
ticated selection of miniature motors will need to be con-
sidered during the development of the handheld tool. The
motors are fixed on a PLA-prototyped base and covered by
a PLA mount-plate while on the rotating shaft of each mo-
tor an SLA-prototyped coupler is fixed. The mount-plate
of the actuation part of the test-bench is equipped with a
coupling pattern on which the tendon-housing part is fit-
ted, while the motor shaft couplers connect with the rigid
rotation shafts that stand inside the upper part. In this
way, the actuation system is entirely separated from the
tendon-housing which allows for easy swapping and testing
of the different end-effectors that have been prototyped.

A complete overview of the test-bench system and the
end-effector, both in CAD and its actual implementation,
is shown in Fig. 4.

Fig. 4. (Left) CAD renderings of the test-bench system and the
end-effector. The top-left circled assembly indicates the 3mm
diameter rigid stainless steel shaft on which the tendons ter-
minate, whereas the top-down circled assembly is an exploded

view of the end-effector. (Right) Implementation of the test-
bench system and the end-effector.

3.2. Kinematic analysis

3.2.1. Forward Kinematics

Although a spherical joint design was used, the joint is ro-
tating over two axes only, namely the pitch and yaw axes,
and not over the roll axis since the tendons and antagonistic
motion constrain such rotation. The missing roll motion, as
well as the translation of the tool, will be carried out by
the surgeon’s hand when the handheld robotic tool is imple-
mented in future work. The kinematic model of the robot
is extracted using the Denavit-Hartenberg (DH) convention
with the frames of the first two DoF located on the middle
point at the base of the spherical joint, while the frame of
the third DoF is located on the axis of rotation of the grip-
per end-effector. The end-effector frame is located on the
distal middle point of the robot, namely on the bottom-
middle part of the rotating part of the gripper. The joint
frames of the robotic end-effector are shown in Fig. 5, and
the produced DH parameters are found in Table 1.

Fig. 5. Robotic end-effector joint frames alongside the
[θ1, θ2, θ3] angles.

Table 1. The DH parameters of the 3.6mm robotic
end-effector.

i ai (mm) αi (rad) di (mm) θi (rad)

1 0 π/2 0 θ1
2 9.6 0 0 θ2
3 9.8 0 0 θ3

3.2.2. Workspace Analysis

In Fig. 6, we compare the target-reaching capabilities of the
proposed end-effector to that of traditional tools using the
open-source software CHAI3D.33 This simulator was im-
plemented using the robot’s forward kinematics equations
and was controlled by a 6-DoF joystick that controls the
robot joints and the shaft movement in 3D space. Along-
side the robotic end-effector, a traditional non-articulated
tool was implemented in the same framework, again con-
trolled by the joystick. The aim of this simulator was to test
the robot kinematics and showcase that some areas besides
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the pituitary gland and around the base of the brain can be
reached with the robotic end-effector but are out of reach
with the conventional tool. This is depicted when all three
red points can be reached and turn to green with the ar-
ticulated tool, but only one of them with the traditional
non-articulated end-effector.

Fig. 6. Reaching areas beneath the pituitary gland with a
simulated traditional instrument (left), and with the proposed
robotic end-effector (right). Red points represent points the con-
ventional tool can not reach whereas the green points represent
the points the tools can reach. Red Xs represent no-go areas
besides the pituitary gland.

Expanding on this preliminary proof-of-concept
workspace analysis of the end-effector, a more thorough
analysis was carried out in the robot simulation platform
CoppeliaSim.34 Both the robotic end-effector and a non-
articulated tool with the same dimensions were simulated in
this environment. To also simulate the physical constraint
within which the tools operate during surgery, a 3D model
of a cranial CT scan, modified so that it only features the
EEEA areas of interest, was also input into the simula-
tion platform. Apart from the cropping of the 3D model to
exclude areas of the skull that are out of scope for this pro-
cedure and would slow down the simulation, a cylindrical
channel was also created starting at the sphenoid ostium,
and passing through the sphenoid sinus granting access to
the pituitary gland area. This channel is created by the sur-
geon during the EEEA procedure to access the pituitary
gland, and is highly constraining the tool motion. The di-
ameter chosen for the the cylindrical channel is 1cm.4 The
modified 3D model is shown in Fig. 7.

Fig. 7. 3D model of a cranial CT scan used to determine the
available workspaces during EEEA. The artificial channel shown
inside the circled areas represents the channel that the surgeon
creates during surgery and grants access to the pituitary gland
area.

The goal of this workspace analysis was to compare
the effective workspace of the non-articulated tool with
that of the suggested robotic end-effector. To calculate both
workspaces, a search was carried out that iterated through
each tool’s various DoF. The non-articulated tool was simu-
lated by a 5 DoF system. 3 DoF for the (x, y, z) translation
of the shaft, and 2 DoF for the (yaw, pitch) rotation of the
shaft. The robotic end-effector was modelled similarly, with
the addition of 2 DoF for the end-effector joints. In both
cases the roll DoF, as well as the gripper open and close
DoF, were not taken into consideration for simplification
reasons. The DoF coordinate frames for both tools on a
side-by-side comparison can be seen in Fig. 8.

Fig. 8. DoF coordinate frames of the traditional non-
articulated tool (left), and of the suggested robotic end-effector
(right). The robotic end-effector comprises of an additional
two articulated joints represented by frames (x0, y0, z0) and
(x1, y1, z1).

The workspaces were evaluated by accessing a number
of different shaft positions, entering from the right side of
the nasal cavity, and different shaft and robot-joints orien-
tations. The range of translation of the shaft was 20mm
with an increment of 0.6mm on each axis, the range of ro-
tation of the shaft was 10o with an increment of 0.5o on
each axis, and the range of the robotic end-effector DoF
joint-space angle vector was 70o, from −35o to 35o, discre-
tised by 5o. These specific ranges and steps were a result of
trial-and-error testing to find the most suitable values. The
physical constraint was incorporated by determining mesh
collision between the tools and the cranial model. An end-
effector point was pushed into the point cloud only if no
part of the tool was in contact with the physical constraint
by employing the mesh collision checking capability of the
CoppeliaSim software. The resulting effective workspaces
are shown in Fig. 9.

Fig. 9. Workspace comparison between the proposed robotic
end-effector (green) and a traditional, non-articulated tool with
the same dimensions (blue), from three different viewing angles.
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It is evident that the robotic end-effector has a broader
workspace and can reach a significantly larger amount of
points in 3D space, suggesting that it can potentially im-
prove the efficacy of EEEA. Adding to this analysis, it could
be useful to conduct the workspace search in the entirety
of the available workspace, rather than just after the sphe-
noid sinus. This would require a high accuracy 3D model,
inclusive of soft-tissue and other structures and could be
the scope of future work.

3.2.3. Inverse Kinematics and Tendon Lengths

For the inverse kinematics robot model, the forward kine-
matics equations extracted using the Denavit-Hartenberg
convention were used, resulting into closed form solutions
for the calculation of [θ1, θ2, θ3] as shown in Eq. 1.

θi =



arcsin(r13), for i = 1,

± arccos(
y − 0.0098 · sin(θ1) · r32

0.0096 · sin(θ1)
), for i = 2,

arcsin(
r31 − sin(θ2)

cos(θ2)
· r32

cos(θ2) + sin(θ2)
cos(θ2)

· sin(θ2)
) for i = 3.

(1)

with the Homogeneous Transformation being:

H(θ1, θ2, θ3) =

 r11 r12 r13 xr21 r22 r23 y
r31 r32 r33 z
0 0 0 1

 .
Assuming a computed joint-space angle vector, the

stroke of each antagonistic tendon pair must be computed
in order to control the robot. The method used is similar to
the one used in some of the authors’ previous work.35 For
each rotational DoF there are two tendons that control the
movement of each angle in an agonist-antagonist fashion.
We define as the length of the tendon the distance between
the base of the robot, rather than the starting point of the
tendon on the tool-housing capstan, to the point that each
tendon terminates.

The lengths of the tendons are computed by locating
the 3D positions of the pass-through channels for every
tendon and calculating the distance between two consecu-
tive channels. As is evident in Fig. 10, the robot has six
channels that tendons pass through.

Four of them, channels i = 1 to 4, are diametrically
positioned at an 1mm radius from the centre, terminate on
the distal end of the sphere and control the two first DoF.
The remaining two, channels i = 5 and 6, control the grip-
per end-effector DoF, are located with a ±0.35mm offset
from the centre on the z-axis, and terminate on the gripper
attachments. On the base of the robot the six holes are po-
sitioned as shown in Eq. 2 for r1 = 1mm and r2 = 0.35mm.

Fig. 10. The 6 channels on the spherical joint where the ten-
dons pass through. The exact same pattern is followed on the
base of the end-effector, whereas only tendons 5 and 6 arrive at
the upper part of the gripper.

Pi(x, y, z) =



(x0, y0 + r1, z0), if i = 1,

(x0, y0, z0 + r1), if i = 2,

(x0, y0 − r1, z0), if i = 3,

(x0, y0, z0 − r1), if i = 4,

(x0, y0, z0 + r2), if i = 5,

(x0, y0, z0 − r2), if i = 6.

(2)

After the channels have been positioned in 3D space
using the forward kinematics, the resulting homogeneous
transformation matrices are used to calculate the Euclidean
geometric distances. Finally, the difference between the
lengths of the tendon on the current joint-space and the
desired joint-space is turned into the angle by which the
motor should rotate in position control.

The positions of the channels P i
′ and P i

′′, for channel
i = 1 to 6, in 3D space for a specific joint-space angle vec-
tor [θ1, θ2, θ3] are calculated using Eq. 3 and Eq. 4. P i

′, for
channels i = 1 to 4, represents the positions where the cor-
responding tendons terminate, whereas for channels i = 5
and i = 6, P i

′ represents the passing-through channels on
the spherical joint for tendons 5 and 6. The termination
points of the latter pair of tendons is represented by the
P i

′′ position pair.

P i
′(x, y, z) = A1

0i · Pi(x, y, z), for i = 1 to 6, (3)

P i
′′(x, y, z) = A2

0i · Pi(x, y, z), for i = 5 and 6, (4)

where Aj0i is the Homogeneous transformation that corre-
sponds to joint j and channel i. Then, the Euclidean dis-
tance Li between two consecutive channels is:

Li = ||P i′(x, y, z)− Pi(x, y, z)||, for i = 1 to 4, (5)

Li = ||P i′(x, y, z)− Pi(x, y, z)||+
||P i′′(x, y, z)− P i′(x, y, z)||, for i = 5 and 6, (6)

and to compute the displacement of tendon i between two
joint-space angle vectors j and j′, the tendon lengths Lji
and Lj

′

i need to be computed and subtracted.
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∆L = |Lji − L
j′

i | (7)

A visual example of how these lengths are computed for
tendon 2 is shown in Fig. 11.

Fig. 11. Visual representation of how the length of tendon 2 is

computed for two different joint-spaces j and j
′
.

Finally, to compute the angle φ by which the motor
needs to rotate so that the tendons are pulled/pushed by
the appropriate amount, Eq. 8 is used:

φ =
∆L

Rc
, (8)

where Rc is the radius of the capstan on which the ten-
don terminates. In this case capstans of radius 1.5mm were
used, and thus Rc = 1.5mm. Since ∆L is always positive,
the sign of the angle is decided by a software convention
taking into account the direction of joint movement. This
joint movement direction is easy to calculate, because both
the current joint-space angle vector and the target joint-
space angle vector are known. The sign of each motor angle
is determined by the sign of the difference between the an-
gle of its corresponding joint at its current joint-space and
the angle of its corresponding joint at the goal joint-space.

It is worth mentioning that some simplifications took
place during this mathematical process. Each pair of ten-
dons does not always move by the exact same distance
because for a spherical joint, movement of DoF 1 results
in minor movement of DoF 2 and vice versa. Thus, there
is chance that for some joint-space angle vectors one ten-
don is pulled or pushed more than its antagonist is pushed
or pulled. This coupling could potentially vanish by bet-
ter constraining the spherical joint inside its base, or by
placing the tendon channels on different positions on the
joint. This difference in tendon lengths between antagonis-
tic pairs, however, and more specifically between tendon
pairs 1 and 3, 2 and 4, and 5 and 6, we found out is very
small numerically. Since we have one motor per tendon pair,

we decided to disregard this difference and base the rotation
of the motor on the average of the two lengths, without try-
ing to build a better base constraint for the spherical joint.
Another simplification is that in this analysis we have not
taken into account tendon bending radii that would ap-
pear in extreme joint angles because of the geometry of the
spherical joint.

3.3. Experimental Methods

3.3.1. Workspace and Repeatability Study

The robotic end-effector was tested for its repeatability
and workspace capabilities. The focus was on repeatabil-
ity rather than accuracy since in RAMIS procedures the
robot is either tele-operated via a master console or directly
controlled with a handheld mechanism by the surgeon mak-
ing sure the desired motions are achieved under endoscopic
view. For both tests, optical tracking was employed to mea-
sure the position of the end-effector. More specifically, two
optical markers that were fixed on an SLA-printed attach-
ment were tracked in 3D space. The attachment was again
printed in clear resin using the Form 2 desktop 3D printer.
The end-effector was firmly gripping the marker attach-
ment so that the tracked positions of the markers could be
used to extract the position of the end-effector as detailed
later in the section.

For the repeatability test, a vector of 19 desired
workspace joint values uniformly generated within the
joint-space range between [−30,−30, 30] and [30, 30, 30]
was created, with θ3 = 30 the gripper angle required to
get a good grip on the SLA-printed tracking marker at-
tachment. The robotic end-effector was instructed to move
between those 19 points, and each time a movement was
finished the positions of the markers in 3D space were
recorded with the NDI Optotrak Certus motion capture
system (Northern Digital Inc, Canada).This system has a
tracking accuracy of 0.1mm and a resolution of 0.01mm.
The robotic end-effector and its test-bench were positioned
in front of the tracking system so that the markers are in
direct line-of-sight of its three cameras.

Both the robot with its test-bench actuation system,
and the capture system were operating within the Robot
Operating System (ROS) framework.36 The application
consisted of two nodes. Within the first node the kine-
matic computations took place and the motors were in-
structed to rotate by a specific angle, which corresponded
to the desired end-effector position, as shown in Section
3.2. To ensure that the motors had reached their desired
position before moving on to measure the position of the
tracking markers, a ’do-while’ logic was implemented. The
desired position was fed into the motors until the current
position was measured to be within a threshold of 0.18o

maximum error in motor angle. The capture system was
operating within the second node and was constantly pub-
lishing transformations that the first node would look up
every time it was instructed. When these transformations
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were obtained, they would be stored in a rosbag file. The
data flow between these two nodes is shown in the flow
diagram of Fig.12.

Fig. 12. Flow diagram showing the interaction between the two
ROS nodes of the tracking experiment.

The robot end-effector gripping the marker attach-
ment with the NDI markers on it can be seen in Fig. 13.
In the same figure, and for demonstration purposes, the
end-effector inside a training head phantom is shown. This
picture provides an illustration of the robotic EEEA, while
simultaneously relating the dimensions of the instrument
shaft to those of the phantom head.

Fig. 13. The robotic end-effector holding the NDI tracking
markers attachment (left), and inside a training phantom to
illustrate insertion during the robotic EEEA procedure (right).

The SLA-printed marker attachment was designed in
a way so that the line connecting the centres of the two
markers passes by the distal point of the gripper, where
the last frame of the end-effector was mathematically de-
fined. Thus, the robot end-effector position could be rep-
resented by the mean point between the two marker-point
positions. Since we are only concerned with position and
not orientation, just the two markers are sufficient for our
purposes. The markers where tight-fitted and hot-glued to
the attachment to avoid shifting or falling out of place, and
a number of different gripper angle values were tried mak-

ing sure that the gripper holds on the attachment tightly
enough. This was essential to make sure that the measure-
ments kept were indicative of the robot movements.

After all 19 moves were carried out, the vector of points
was shuffled and the robot was instructed to rotate by the
same joint-space values, but in a different order. By shuf-
fling the desired joint-space values we reduce the bias in
the measurements that following the same order of values
every time would produce. The vector of values was shuf-
fled 19 times, resulting in 20 different sequence groups and
380 moves overall.

To test the workspace capabilities of the robot, it was
instructed to move to the boundaries of the joint-space,
in the range between [−30,−30, 30] and [30, 30, 30]. After
the robot reached every position, again the positions of the
tracking markers in 3D space were recorded to be used for
the construction of the robot end-effector workspace bound-
aries. Finally, to confirm that the robot is rotating around
fixed axes, the end-effector was instructed to move into 1000
random joint values between the same range [−30,−30, 30]
and [30, 30, 30]. The resulting positions were tracked using
the NDI trackers and then organised into a point cloud.
The fitted sphere on the workspace point cloud was calcu-
lated with the purpose to measure its radius and compare
it to the distance between the first and the last frame of
the robot end-effector as shown in Fig. 5.

3.3.2. Structural Integrity study

Considering its miniature size, it was important to test the
structural integrity of the end-effector and the amount of
load it can support without its gripper or any other part of
the robot breaking. To test that, a set of precision weights
in the range of 100g to 700g was tied on an SLA-printed
attachment using stainless steel wire. Then, a two-pulley
system was used to transfer the weight of each object along
the wire and change its direction so that the end-effector
can grasp the attachment and support the object. The pul-
leys were of the same size, were placed at the same height
and the wire did not wrap around the pulleys, only passed
above them. Disregarding the losses generated by the fric-
tion on each pulley, it is acceptable to assume that the effort
required by the robot to support the object is almost equal
to the weight of the object. The experimental setup for the
end-effector’s structural integrity is shown in Fig. 14.

Fig. 14. Rendering (left), and implementation (right) of the ex-
perimental setup to test the end-effector’s structural integrity.



February 8, 2021 14:50 output

A spherical joint robotic end-effector for the Expanded Endoscopic Endonasal Approach 9

The part of the rerouting system that controls the first
two DoF tied to the spherical joint movement was con-
strained by tying an extra tendon around the capstans that
disallowed them to move. This was done in order to make
sure that any deflection appearing on the axis of the spher-
ical joint was solely due to the effort created by the weight,
rather than a normal rotation of the joint. The only DoF
that was free to move was that of the gripper. As is evident
in Fig. 14 the tool-housing is unattached from the actu-
ation system and the gripper was moved manually rather
than using its designated motor. This approach was chosen
to simplify the experiment design and since the purpose of
the experiment is to test the mechanical integrity of the
end-effector, the motors are not necessary.

One by one the objects were tied to the attachment and
each time the end-effector was tasked with the grasping of
that attachment. The weight attachment was placed on the
top part of the gripper of the end-effector with the weight
left to freely hang from the pulley-system. The rigid shaft
on which the gripper tendons terminate was then manually
rotated until we saw the gripper closing and the weight
being lifted. Depending on the weight, a deflection angle
appeared. Here, the deflection angle is defined as the angle
formed on the pitch axis of the spherical joint between the
resting position and the final position of the end-effector.
This angle is later illustrated as part of the experimental
results in Fig. 16. The end-effector was evaluated on its
abilities to maintain a grasp on the attachment and sup-
port the weight for 15sec. For each object, the deflection
angle was measured. One prototype was used throughout
this series of experiments and each weight was tested twice.
Between the two series of experiments, the difference in de-
flection angles for the same weight were negligible.

4. Results

4.1. Workspace and Repeatability

To calculate the repeatability value of the robot end-
effector, all 19 tracker transformation measurements that
correspond to the same joint-space values from each of the
20 iterations are put into a group and their standard de-
viation (STD) is calculated, resulting in 19 different STD
values. Each STD value represents the repeatability of that
specific joint-space value and physically corresponds to the
positional deviation from the average of displacement.37

These values rounded up on the second decimal digit, and
the joint-space they correspond to, can be seen in Table 2.
We define as the overall repeatability of the robotic end-
effector, the average of those STD values. Using this pro-
cedure, it was found that the repeatability of the robot is
measured at 0.42mm.

Table 2. The STD values of the 19 different joint positions.

Joint (o, o) STD (mm) Joint (o, o) STD (mm)

(−21, −29) 0.29 (−19, −23) 0.43

(18, −27) 0.21 (15, −21) 0.39

(4, 14) 1.02 (−9, 5) 0.39

(−12, −1) 0.48 (15, −1) 0.26

(15, −30) 0.20 (−13, 4) 0.33

(6, 23) 0.12 (−5 − 22) 0.32

(−25, 16) 0.82 (−12, −22) 0.23

(−12, −12) 0.66 (24, 18) 0.94

(11, −19) 0.39 (−19, 29) 0.26

(7, −27) 0.19

The boundaries of the workspace of the robot end-effector,
as recorded using the NDI tracking markers, compared to
the corresponding theoretical boundaries for the joint-space
range of [−30,−30, 0] to [30, 30, 0] are shown in Fig. 15.

Fig. 15. Comparison between the boundaries of the theoretical
workspace (red) and the measured workspace (blue).

According to these tracking data, the maximum dis-
tance that the robot end-effector can cover while con-
strained to a fixed point, which is the origin of frames 0 and
1 as shown in Fig. 5, is 13.1mm on the Y-axis, whereas on
the Z-axis is 12.5mm. The theoretical value for both these
axes is 18.5mm which means there is an error in movement
range of 5.4mm on the Y-axis and another one of 6mm on
the Z-axis. It is worth mentioning that although the end-
effector has a fixed point where the axes of rotation pass
through, its purpose is to be integrated into a handheld
mechanism and held by the surgeon that would be mov-
ing that fixed point in space, allowing thus for a wider and
more sophisticated effective workspace. This is why it was
important to verify whether this point was in fact fixed or
whether any slides in movement were present that could
lead to inaccuracies in the measurements.

As previously mentioned, to confirm that the robot is
indeed rotating around fixed axes, we calculated the fit-
ted sphere on the point cloud created by moving the end-
effector to 1000 random joint values between the previously
specified joint-space angle vectors. The resulting sphere has
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a radius of 19.6mm and a fitting error of 29.1µm.
The actual distance between the axis of rotation and

the distal point of the robot end-effector, the movement
of which was tracked, was measured at 19.4mm as also
mentioned in Section 3.1, using vernier calipers with a res-
olution of 0.01mm, comparable to the fitted sphere radius,
verifying that the rotating axis of the robot is not sliding.
The tendons are responsible for keeping the base of the
robot end-effector fixed to the distal end of the instrument
shaft through tension. The robot end-effector is not other-
wise fixed to the shaft.

4.2. Structural Integrity

The end-effector supporting the objects and the corre-
sponding deflection are shown in Fig. 16. The end-effector
was able to support all the objects up to a mass of 600g,
which corresponds to approximately 6N , and was able to
maintain a grasp up to a mass of 500g. Here, a success-
ful grasp is defined by the upper part of the gripper not
moving from its ’grasping’ position for the whole duration
of the 15sec, after the rigid shaft had been rotated. Thus,
even though the gripper is not fully closed for some of the
weights because the rigid shaft was not manually rotated to
its full extent, as is evident in Fig. 16, the grasping test for
these corresponding weights was still considered successful.

For the 600g object it could not maintain a grasp and
the gripper was gradually opening as the seconds passed by,
even though the capstans and the shaft connected to the
gripper-tendons were manually kept still. For the 700g ob-
ject, the gripper was able to support the weight for barely
3sec before opening and letting go of it. The results of this
structural integrity study are concentrated in Table 3.

Table 3. The results of the structural integrity study.

Effort (∼ N) Deflection (o) Support Grasp

1 15 X X

2 25 X X

5 35 X X

6 35 X ×

7 55 × ×

The deflection angle presents a fairly expected behav-
ior. It is relatively small for the 100g object, bigger for the
200g and for the 500g and 600g it reaches and even sur-
passes the boundaries of the effective workspace as they
were calculated in the previous set of experiments. For the
700g object the deflection angle is well over the effective
workspace boundaries and although the end-effector did

not break, such a large effort during an operation would
significantly weaken the tool. By design, the forces exerted
during the transsphenoidal approach are rarely larger than
2N ,38 on the axis in question in our study.

5. Discussion

In this study, we proposed an articulated 3 DoF robotic
end-effector for a novel handheld robotic tool intended for
the EEEA. Using an actuation test-bench, we evaluated the
design prototype in terms of its repeatability and workspace
capabilities, as well as its structural integrity. The choice
of a tendon-driven mechanism was based on the improved
distal point abilities that such designs offer as well as their
structural integrity. To be able to operate inside a very
limited workspace, the robot must have a small diameter
which often leads to breakages and fatigue. The proposed
robot end-effector has a spherical joint in order to create
a robust structure by taking advantage of the fact that a
sphere can concentrate a large amount of material despite
being fabricated in a small size.

During the experimental procedure it was found that
the robot has an adequately high repeatability and that
the effective workspace, although with boundaries almost
30% more constrained than their theoretical values, is ex-
tensive and a clear advancement compared with that of
current rigid tools. The repeatability of 0.42mm achieved
with our robotic end-effector is low when related to its
workspace boundaries. This fact, combined with the very
limited workspace of the endonasal approach and our in-
tention for a handheld robotic tool where the surgeon is
immediately controlling the robot and can thus provide vi-
sual feedback on the goal position, suggests adequate robot
repeatability.

Additionally to these findings, and despite its minia-
ture size, the robot presented promising structural integrity
and was able to support and withstand a large amount
of forces while maintaining a grasp on the load creating
the force. These findings suggest that the end-effector de-
veloped in this study is feasible and we foresee it as the
first implementation towards a handheld robotic tool suit-
able for the EEEA. Having said that, more development is
required to address current limitations, starting with the
replacement of the test-bench system used to validate the
end-effector in this study, with an ergonomic handle to form
the intended neurosurgical robotic tool mentioned in Sec-
tion 1.

The development of this ergonomic handle is scope of
future work, and our strategy is to develop a compact, er-
gonomic and intuitive instrument so that it is easily in-
tegrated into the surgical workflow, without a big learn-
ing curve that would discourage surgeons from using it.
Compactness is especially important, because the instru-
ment should allow simultaneous deployment with imaging
modalities, such as a standard neurosurgical endoscope as
proposed in the concept rendering of Fig. 1, or another
neurosurgical tool.
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Fig. 16. (Left to right, top to bottom) The end-effector at its resting position, and supporting objects of 100g, 200g, 500g, 600g
and 700g mass. The deflection angle is also evident in the figure.

In our presented implementation, the joint-space is
capped at an adequate but lower than expected ±30o range
because we noticed that in movements beneath this thresh-
old there was a small chance of tendon snapping. The nylon
tendons used for this end-effector were not able to with-
stand the forces required to rotate the joints more than
35o, thus the movements were capped at a lower and safer
value. Another limitation of this study is, of course, the dif-
ference between the theoretical workspace boundaries and
the tracked ones. This, again, can be traced back to the
tendons’ elasticity and slipping. We also speculate that this
inaccuracy could be a result of a less sophisticated motor
control. When compared with other manipulators intended
for the endonasal approach,24,,28 the workspace is smaller,
but when combined with the promising repeatability and
structural integrity, the suggested end-effector could po-
tentially suggest a substantial improvement over current
instrumentation.

For the repeatability test, it is evident that the STD
values for some of the joint-space angle vectors are abnor-
mally large, especially the STD value for joint-space angle
vector [4, 14] being 1.02mm. Such a large error could be
attributed to various factors. There are some uncertainties
concerning the implementation of the mechanism, namely
tendon slacking resulting into an accumulated mechanical
error, or kinematics simplifications resulting in a slight po-
sitioning error. Additionally, another factor we need to take
into account is the possible measuring error that appears
when the tracker has an unclear view of the markers.

Last but not least, during our structural integrity tests,

although the results showed that the end-effector could
avoid breakage and support a large amount of weight, a
clear limitation appears in the large deflection angle cre-
ated by the increasing load that would be a drawback dur-
ing surgery. This deflection angle, that is relative to the
weight of the object, could also be one of the reasons con-
tributing to the end-effector’s inability to maintain hold of
the object attachment, as is evident in Fig. 16. However,
the weight is most possibly still the main contributor since
the deflection angle was the same for both the 500gr and
600gr objects, with only the 600gr object attachment slip-
ping from the end-effector. Using a spherical joint requires
careful tendon pre-tensioning since the joint and the base
are not physically connected, as they would be in an ar-
ticulated design. Thus, we suspect that the large deflection
angle could be decreased with a better choice in tendons.

To avoid these challenges and to increase the
workspace of the end-effector, we plan to investigate a va-
riety of more durable tendon solutions and different tendon
arrangements. Additionally, and before continuing with the
development of the handheld tool, a more sophisticated ten-
don pre-tensioning strategy will be implemented by taking
into account the tendon hysteresis to also try and compen-
sate for the deflection caused by sudden forces. Clearly, the
SLA printed robot end-effector will be replaced by metal
parts, manufactured by either additive or subtractive man-
ufacturing, properties such as stainless steel polishing and
lubrication will be explored, and force-sensing will be inte-
grated.
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