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Abstract— Transorbital Neuro Surgery (TNS) offers a novel
treatment towards the lesion inside skull pursuing minimal in-
vasiveness. Most conventional TNS tools are rigid and straight,
limiting the dexterity and accessibility in passing a small port.
Bendable and steerable surgical tools provides an alternative for
this issue. In this work, we proposed a dual-segment slender sur-
gical robot arm for TNS, which is a Co-Axial Slender Tubular
robot (CAST), and modelled it using novel approaches. Another
contribution is tendon-mortise shaped slits along the axial
direction, enhancing the overall stiffness. The bending of CAST
is actuated by pushing/pulling distance, and the maximum
diameter is only 1.7mm with high dexterity after mounting on
a rigid robot arm. Experiments demonstrates that the proposed
the slit design doubles the stiffness properties compared to
traditional rectangle slit designs. The path-following task shows
that the position error was maximally 3mm in open-looped
control. Test on a skull model demonstrates that the whole
system could successfully perform electrocoagulation procedure
inside the depth of skull in a robotized manner effectively.

I. INTRODUCTION

Transorbital neurosurgery (TNS) is a novel surgery, re-
quiring surgical tools to access the orbit and intracranial
area [1], [2]. It allows visualization and operate above the
skull base [3], [4]. At present, a surgeon holds an endoscope
and a suction tube at the left hand, and delicately steers
a surgical tool to manipulate, like a forceps and electrode,
which causes inconvenience especially at the left hand. More
importantly, the endoscope and suction tube are generally
rigid and straight, posing challenge in accessing depth of the
lesion. Sometimes, an assistant or more surgeons are needed.
Robotics system offers a potential solution for this issue.
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Fig. 1. System setup. A rigid robot arm holds the dual-segment co-axial
surgical tool and can be positioned dexterously in narrow space.

Bendable and steerable continuum robots are advantageous
[5]. In this work, our aim is to propose a fully robotized
surgical tool for TNS while pursing minimal invasiveness
using a dual-segment flexible robot arm.

The first key requirement is small size in diameter [6].
Continuum robots characterize slender body and high ratio of
length to diameter, and they are widely applied in inspection
[7] and Minimally Invasive Surgery (MIS) [8], [9]. Their
key working principle is individual elongation and shortening
of the secondary backbones, for whichever tendon-driven or
fluid-driven mechanisms. Magnetically-actuated continuum
robots and concentric robots are advantageous in cross-
section dimension [10], while they either require bulky actu-
ators or are not compatible with ferromagnetic environments.
Tendon-driven continuum robots are common in continuum
robotics [11]. Pin hinge joints [12], rolling joints [13] and
spherical joints [14] in this design have realized 2D or
3D bending. Spring or spring-based structures were also
embedded into tendon-driven continuum robots. A slender
elastic rod is typically needed to keep the backbone length
[15]. But there also exists difficulty in designing flexible tools
≤ 2mm in diameter.

The second requirement is sufficient stiffness to maintain
its shape while interacting with surroundings, such as bones
and tissues, which is generally contradictory with small

2024 IEEE International Conference on Robotics and Automation (ICRA 2024)
May 13-17, 2024. Yokohama, Japan

979-8-3503-8457-4/24/$31.00 ©2024 IEEE 11571



size. To this end, particle jamming [16], low-melt-point
alloy [17], and antagonistic mechanism [18] were employed
to regulate the stiffness of continuum robot arms. They
either requires much heating/cooling time or complicated
structures, and are not able to be fabricated within ultra-
slender body. In this work, we proposed a dual-segment
Co-Axial Slender Tubular (CAST) robot arm for TNS on
the basis of a push-pull design [19], [20]. Although it only
provides bidirectional bending by relative translation of the
two tubes, large ration of inner diameter to outer diameter
is beneficial for instrument channel. Additionally, it does
not require hollow space for actuation. On the other hand,
patterned tubes has smaller second moment of inertia, so that
the stiffness is relatively smaller. In this work, we proposed
a tendon-mortise mechanism on the patterned slits. Once the
tendons and mortises are buckled together, larger stiffness
could be achieved.

The third issue is manipulability and positioning accuracy
during surgery [10]. Modeling between actuation configura-
tion (AC) to task space (TS) is fundamental. In continuum
robotics, robot shape assumed as arches connected in series,
generally acts as a bridge between the actuators and tip pose.
Piecewise constant curvature and variable curvature model
are popular [21], but they are not accurate in dealing with
external disturbances. Researchers also investigated pseudo-
rigid-bar model [22], cosserat rod theory and dynamics [23]
to model the basic control law, while they need much com-
putational resource or accurate actuation forces. For ultra-
slender continuum robots, embedded sensors also occupies
hollow instrument channel [24]. In this work, we considered
geometry-based approach to build the forward kinematics,
and optimization-based method to solve the inverse kine-
matics, where an key parameter was extracted to properly
regulate the robot shape.

Compared with most existing flexible surgical robots, our
design characterizes smaller diameter and higher stiffness.
In terms modeling and controlling, easier approach was
proposed to target at fully robotized surgery and slave-
master form control. As a result, CAST has the following
characteristics:

• The maximum diameter of the surgical robot is only
1.7mm, leaving an instrument channel of 0.6mm.

• Novel tendon-mortise pattern has been proposed and
validated to significantly enhance the overall stiffness.

• Assembled on a six-DoF rigid robot, CAST could
perform articulate motion with the kinematics modeling.

• Initial testing has demonstrated its dexterity and robust-
ness on TNS.

This rest of this paper is organized as follows. In section-
II, we introduced the basic working principle of the surgical
robot arm and design of the entire system. Modeling in-
cluding forward and inverse kinematics has been clarified in
section-III. Section-IV validated the stiffness of the design,
motion accuracy and practicability in TNS. Finally, section-
V concluded this work and illustrates future work.
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Fig. 2. CAD model of the design. Two tubes were asymmetrically
patterned at the cross section, and then they were fixed at the tip. Relative
axial translation deforms robot arm. The actuation unit generates push/pull
displacement for the inner tubes and rotation for the distal segment.

TABLE I
KEY DESIGN PARAMETERS OF THE SURGICAL ROBOT.

Dis. Seg. (D) Prox. Seg. (P)
Inner Tube Outer Tube Inner Tube Outer Tube

Rigid length (mm) 523 464 290 260
Steerable length (mm) 30 30 40 40

ID (mm) 0.6 0.9 1.2 1.5
OD (mm) 0.8 1.1 1.4 1.7

Uncut section angle (◦) 36 36 20 45
Slit width (mm) 0.03 0.03 0.03 0.03

II. SYSTEM DESCRIPTION

For transorbital neurosurgery, the surgical tools should be
small enough to access the orbit with comparable stiffness for
surgical procedures, such as dissection and suction. Our aim
is to propose a flexible surgical arm adapting common tools.
Take a flexible endoscope as an example. Smaller diameter
will contribute to larger task space of other tools.

Unlike conventional tendon-driven continuum robots, we
adopted push-pull actuation method for steering. As shown
in Fig. 2, one segment of robot arm consists of two asym-
metrically patterned tubes assembled coaxially with each
other. They have a shift angle of 180◦. Once fixing the outer
tube, pushing (pulling) force along the inner tube generates
an inward (outward) moment, which leads to bidirectional
bending of the whole arm. Work [20] proposed this design
in 2017, while it has marginal stiffness in application. We
update the patterned slits by using tendon-mortise mecha-
nism, such that tendons will buckle with mortises to provide
tension, enhancing the overall stiffness. Consequently, the
ratio of inner diameter to the outer is much higher than
conventional designs, because the thin-walled structure con-
tributes to force transmission. In general, 3D bending is
preferred in application, so a revolve DoF is added at the
rigid section of the tubes, enabling full rotation. For dexterity,
we designed a dual-segment surgical arm, where the distal
one passes through the proximal, as shown in Fig. 2. The
outer tubes are all fixed in the actuation unit, and the inner
tubes of each segment were respectively pushed/pulled by
two linear stages.

The actuation is mounted at the end effector of a rigid
robot arm (Elfin E05, Han’s Robot, Shenzhen, China). The
distal segment’s rotation is achieved by a stepper motor,
and that of the proximal segment is due to robot arm. As
a result, the whole system has totally 9 DoFs. Some key
design parameters are listed in Table I.
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Fig. 3. Modeling. (a) Pushing and pulling the inner tube generates
bidirectional bending. (b) Cross section of the two tubes, and the uncut
areas have a shift angle of 180◦. (c) Actuation input q and the bending
angle ζ are directly related.

III. MODELING

Modeling one segment of the robot is the key to control
the tip position, including forward kinematics and inverse
kinematics. In modeling, only the mapping between actuation
unit and tip pose was considered as rigid robot control is
sophisticated.

A. Single Segment Bending

The deformation of one single segment depends on the
relative translation between the inner tube and the outer
tube, so the mapping between the distance q is highly in-
volved in the bending angle. Herein, considering the densely
distributed patterns (around 0.2mm gap between adjacent
slits), we assume the shape of the robot is an arch with
constant curvature. Because of its essential feature, pushing
and pulling the inner tube while the outer tube is fixed
generates bidirectional bending. Let q > 0 be the push
configuration and q < 0 denotes pulling the inner tube. l
is the length of bendable section.

During bending, the neutral layer of each tube keeps
constant length, and the distance from the neutral layer to
the centre is:

h =
aoyo − aiyi
ao − ai

(1)

where ao = θ0
2 R

2 and ai =
θ0
2 r

2 are respectively the area
of sectors. yo and yi are their neutral layer distance to the

centre.
Furthermore, the bendable section of inner tube and the

outer tube has the same length. Therefore, two scenarios
should be considered: 1) While the inner tube is being pushed
by q, the length of bendable section is l − q because rigid
part of the inner tube with a length of q is embedded into
the bendable section of the outer tube, as shown in Fig.
3 (c-right); and 2) While it is being pulled, the bendable
section length is l, illustrated in Fig. 3 (c-left). For whichever
scenario, there is a deviation between the length of inner
tube’s neutral layer length and outer tube’s neutral layer
length q, but they share the identical centre of arch when
in bending.

1) Pushing Actuation. In this scenario (q > 0), the bending
radius w.r.t. the neutral layer of the two tubes are:

ρo = (l − q)/ζ1
ρi = l/ζ1

(2)

where ρo and ρi respectively denote the bending radius of
the outer tube and the inner tube. With the geometry, the
deviation between ρo and ρi is equal to the sum of the H
and h: ρo − ρi = H + h. So, the bending angle ζ1 is solved
as:

ζ1 =
q

H + h
(q > 0) (3)

2) Pulling Actuation. Similarly, the bending radii ρo, ρi of
the tubes are derived as:

ρi = (l + q)/ζ0
ρo = l/ζ0

(4)

where q < 0 and the bending angle is ζ0. The pulling
actuation q has a mapping with ζ0:

ζ0 =
−q

H + h
(5)

Pulling or pushing also determines the bending direction,
so sign(·) could be used to map between q and the direction
angle 0 or π: φm = 0.5(sign(q) + 1)π.

B. Forward Kinematics

Now, the shape parameter of one segment includes: back-
bone length l, rotation angle φ, bending direction φm and
bending radius ζ. With the shape parameters of the two
segments and the robot translation Q, the tip pose w.r.t.
robot base could be solved via Homogenous Transformation
matrix:

T = Tz(Q)Rz(φp + φmp)Tz(lp/ζp)Rz(ζp)Tx(−lp/ζp)
Rz(φd + φmd)Tz(ld/ζd)Rz(ζd)Tx(−ld/ζd)

(6)
where subscript d and p respectively denote the parameter
of the distal segment and the proximal segment. Ti and Ri

respectively denotes translation and rotation about i axis.

C. Optimization-based Inverse Kinematics

In this push-pull actuation mechanism, the actuation inputs
should be well solved to bring the robot to a desired tip pose.
Since the orientation and position is coupled for the dual-
segment design, the inverse mapping is build for finding an
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Fig. 4. Stiffness Comparison. (a) Experiment setup. A linear stage pushes
the inner tube to generate bending, and a steel wire connects the tip and a
commercial force transducer. (b) Shape comparison between the two designs
under the pushing distance of 20mm. (c) Push distance and generated force
relationship.

actuation inputs Ad for a given desired position Pd. Because
of the redundancy, it is difficult to find Ad directly. We
consider an optimization-based approach.

With (6), the forward kinematics could be denoted as:
P = f(A), where actuation inputs A = [Q, qp, φp, qd, φd].
In optimization model, the error between given position Pd

and solved position should be minimized satisfying some
physical constraints:

min . ∥Pd − f(A)∥

S.t.

 0 ≤ qp, qd ≤ qmax

Qmin ≤ Q ≤ Qmax

0 ≤ φp, φd ≤ 2π

(7)

The first constraint the push/pull distance, limiting the max-
imum bending angles. The second constraint denotes the
translation space of rigid robot end effector, and the third
one is to limit rotary DoF. The presence of sgn(·) leaves
challenge in finding the gradient of the loss function, so we
employed an iteration algorithm, Genetic Algorithm (GA),
to find the optimal actuation inputs. In GA, The population
size was set to 50, and the maximum generation in iteration
was 200.

Actually, the rotation of the distal segment enhances the
dexterity. Physically, it could still reach a desired position if
the rotation DoF of the distal segment is deactivated, which
constrains CAST to bend in a 2D manner. Namely, by setting
φd = 0, GA quickly reaches convergence.

IV. EXPERIMENTAL VALIDATION

In this section, experiments for giving compelling evi-
dences that improving robot stiffness, maneuverability, ac-
curacy and practicability is presented.

A. Stiffness Comparison

One of the key contributions in this work is tendon-mortise
slit design. The first experiment is to compare the stiffness
enhancement with conventional rectangle slits design. Fig. 4
(a) shows the experimental setup. The proximal segment was

used for comparison, and only the silt types are different. One
linear stage pushes/pulls the inner tube to generate bending,
and a wire is fixed at the tip to generate external disturbance.
The other end of the wire is connected to a single-axis force
sensor (SBT671-100N, SIMBATOUCH, Guangzhou, China)
to measure the force. The linear stage gradually pushed the
inner tube, and the sensor readings were simultaneously
collected for comparison. Intuitively, larger force means
higher bending force was generated. In Fig. 4 (b), there is
a clear deformation for the rectangle slits design, and the
tendon-mortise slit design almost keeps its arch shape. Fig.
4 (c) shows the variation between push distance and force,
where push distance gap was 0.1mm in each step. In the
initial 10 steps, the deformation of the rectangle slit design
generates nearly no force to the wire. For the tendon-mortise
slits design, it generated force on bending, and the magnitude
is also higher than the other type. This clearly demonstrates
the high rigidity and stiffness of our design.

B. Algorithm Validation

Before putting the kinematics into practice, the
optimization-based inverse kinematics should be first
validated theoretically. We set 30 path points to follow, and
system should find the optimal actuation inputs to match
the tip point to the targets. The path points are radially
distributed with a radius of 15mm and the value in z axis
is 60mm, so the rigid robot should translate adapt the z
coordinate. First, the rotary DoF φd was set to zero. The
shape and tip points are shown in Fig. 5 (a). Conversely,
when it was activated, the shape could present more solution
to reach the targets, as shown in Fig. 5 (b). Obviously, robot
has multiple shapes with the tip at the given point if the
two segments are allowed to be spatial arches. In terms of
computation resource, the first set just takes 0.56s at most,
and the second one takes 0.18s for each point search, which
run on MATLAB 2021a Optimization Toolbox.

C. Path-Following Task

After evaluating the stiffness and the kinematics in simu-
lation, the system was then tested to verify the performance.
Six path points located within the task space were prepared
to investigate the path-following accuracy. Two magnetic
sensors were symmetrically configured at the tip of the
distal segment, and another two magnetic sensors were
placed symmetrically at the end of the proximal segment.
There mean value was computed as the tip position and the
initial base position, respectively, which were also deemed as
actual position for comparison with the desired path points’
position. For this task, experimental setup is shown in Fig. 6.
The Electromagnetic tracking system (Aurora, NDI, Canada)
monitored the position in real time. The six path points
evenly distributed as a circle with the radius of 30mm and
the value in z coordinate was 60mm.

Initially, CAST was well calibrated and was vertically
hang in the rigid robot arm. The relationship between actual
pushing/pulling distance and bending angle was the key in
calibration. After comparison with (3), the actual mapping
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Fig. 5. Algorithm validation. (a)/(b) The rotary DoF of the distal segment
was deactivated/activated.
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Fig. 6. Setup for path-following validation. Robot tip location from
Electromagnetic tracking system (SCU, SIU, FG and Sensors).

Fig. 7. Comparison with Designed Marker and Tip Position

was corrected by the collected data. During motion, the
velocity of the rigid robot arm was very minimal, so the
effect of inertial could be ignored.

Fig. 7 shows the given desired path points compared the
actual ones and the posture of the robot at each waypoint,
from which the position error was around 2mm. In the
third path point, the deviation between the actual and the
desired reached to 3mm, which was the maximum deviation
in the test. This is the asymmetry of the flexible arm due to
manufacturing discrepancy. The position error in other path
points were all smaller than 2mm, which could be used in
surgery. With the length of entire flexible arm reaches 70mm,
the error is acceptable. The actual values were only used for
evaluating the accuracy, and we believe the accuracy will be
much higher if the actual values were to used as feedback
for closed-loop control. In addition, the computation cost
for each control instance was shorter than 0.4s, which is
applicable for MIS.

D. Application in TNS

Furthermore, the entire system was prepared to simulate
one of the TNS procedures, electrocoauglation. A teaching-
oriented skull model was fixed on a board, and a hole
(diameter of 6mm) was then drilled in the orbit for accessing
the intracranial section. Inside the skull, a porcine tissue was
adhered on the lateral surface. The experimental setup is
shown in Fig. 8 (a).

The system was controlled in master-slave mechanism. A
operator held a joystick to individually control the motion of
each DoF, and the whole process was also recorded in the
supplementary video. The rigid robot arm gradually brought
CAST to approach the burr hole, and operator delicately
tuned the orientation to be perpendicular with the hole.

Now, the orientation of the rigid robot arm keeps un-
changed, and only translation along the CAST was activated.
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Fig. 8. Experimental setup for simulating the one of the actual TNS proce-
dures. (b) CAST passes through a drilled hole in orbit. (c) Electrocoauglation
process inside the skull.

Fig. 8 (b) shows the view when CAST approached the burr
hole. Once the tip of CAST entered the hole, the distal
segment started to bend to reach the simulated lesion area.
Simultaneously, the proximal segment was also controlled
to bypass the blocks. After arriving the area, the operator
turned on the eletrosurgical generator (DGD-300B-2, Beilin,
Beijing, China) and eletrocoagulation occurred, as shown in
Fig. 8 (c).

Finally, the operator delicately controlled CAST to move
out of the skull, avoiding touch with surroundings. It demon-
strates the feasibility and practicability of the system, which
achieved robotized operation of transorbital surgery.

V. CONCLUSION

This work proposed a robotic system, CAST, for TNS. One
of the key novelties is co-axial tubular robot arm with tendon-
mortise slits, which characterizes high stiffness as compared
with conventional designs. The co-axial tube setting leaves
much hollow space for instrument channel. Mounted it on
a rigid robot arm that are for approaching the patient, the
dexterity and automation degree are both improved signifi-
cantly. In terms of control accuracy, we have proposed the
kinematics and validated it to be 2mm in an open-loop
controller. The modeling and control performance will be
much better with feedback control schemes. Evaluation on a
skull demonstrates the feasibility of the whole system. The
success of electrocoauglation process inside the skull also
shows the advantages: miniaturization, stiff, and dexterous.

In the future, both the theoretical model of this robot arm
and hardware will be updated, and various tools like biopsy,
endoscopic cameras and forceps will be mounted for more
TNS surgery.
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[Online]. Available: http://europepmc.org/abstract/MED/27280546
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