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A Hybrid Concentric Tube Robot for Cholesteatoma
Laser Surgery

D. V. A. Nguyen1, C. Girerd2, Q. Boyer1, P. Rougeot1, O. Lehmann1, L. Tavernier3, J. Szewczyk4,
and K. Rabenorosoa1

Abstract—This letter presents a hybrid concentric tube robot
which covers the middle ear volume for exhaustive ablation of
residual cholesteatoma. The proposed robotic system combines a
concentric tube robot and a wrist at the distal end, actuated by
a tendon. We first introduce the surgical protocol through two
access points (ear canal and few millimeters size hole through
the mastoid), then derive the anatomical constraints and specify
the robot tasks. Based on the robot model enriched with the
optical fiber stiffness and on anatomical constraints, the robot
parameters are determined as the ones among discretized sets
that provide the maximal volume coverage. Experiments are
conducted with a benchtop prototype on a 3D printed middle
ear phantom to validate the wrist model with the optical fiber
and the robot repeatability assessment. The wrist model achieved
an root mean square error (RMSE) of 1.33◦ and R2 = 96.8%.
The robot repeatability has an RMSE of 0.7 mm for distance
errors and 1.34◦ - 2.42◦ - 3.11◦ for the angular ones. We finally
demonstrated the ablation of cholesteatoma by the embedded
optical fiber on the hybrid concentric tube robot prototype.

Index Terms—Medical robots and systems, steerable
catheters/needles, mechanism design, middle ear surgery.

I. INTRODUCTION

CHOLESTEATOMA is a serious form of chronic otitis
presented as an inflammatory pseudo-tumor character-

ized by proliferation of epidermal tissue, with desquamation
and destruction of surrounding bones. It generally begins in
the upper part of the tympanic membrane, expands into the
middle ear, filling in the eardrum cavity around the ossicles.
The first symptoms are usually continual ear drainage. Al-
though rare, complications can be as important as dizziness,
meningitis (or other brain infections), facial palsy or total and
irreversible deafness [1], [2]. The affected anatomical area,
namely the middle ear, is located in a confined space, and
requires the use of miniature tools embedded on dexterous
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Comté, France. ltavernier@chu-besancon.fr

4 Author is with Institute for Intelligent Systems and Robotics (ISIR),
Sorbonne University, CNRS, France. szewczyk@isir.upmc.fr

Digital Object Identifier (DOI): see top of this page.

robotic systems for access and volume coverage. To date, this
type of intervention has been achieved by an open surgery
called a mastoidectomy [3], [4], using rigid surgical tools.
However, the associated risk of recurrences due to residual
cholesteatoma can reach 23-25% of cases depending on the
country and age group [1], [5]. Follow-up strategy is system-
atically applied and induces a painful second examination of
the patient, along with additional costs. The complete removal
of cholesteatoma is thus a considerable limitation of current
practices due to the limited miniaturization and dexterity of
the surgical tools [1], [4].

Prior works suggest that minimally invasive surgery in
the ear requires the use of robotic devices, with examples
that include middle ear surgery [6]–[8], cochlear implant
in the inner ear using a tubular manipulator [9], magnetic
guidance [10], and sensor-based computer assisted surgery
with recent tests in humans [11]. However, as previously
mentioned, the confined surgical area causes difficulties in
obtaining a complete removal of cholesteatoma, especially for
hard-to-reach locations inside the middle ear. The aim of this
work is thus to develop a dexterous continuum robot that can
explore the middle ear and remove the residual cholesteatoma
with laser ablation by using two accesses to the middle ear.

The robot has to achieve a large curvature at the tip, in
order to be able to sweep the desired volume and enable
contact with hard-to-reach anatomical targets. In the literature,
notched tube compliant joints (also called wrist), were used
to enhance the dexterity of the robot tip for endoscopy and
minimally invasive surgical interventions. They are fabricated
by cutting notches into a super-elastic tube, and are driven
with an internal tendon [12]–[14]. With a diameter of 1 to
2 mm, they are suitable for operation in confined spaces like
the middle ear. However, to ensure a collision-free deployment
as well as access to hard-to-reach locations for cholesteatoma
removal, the robot needs to have more than a single curved
segment. Chitalia et al. proposed a multi-segment notched
tube manipulator for pediatric neuroendoscope [15]. The pro-
posed design successfully improves the dexterity of the robot.
However, the fixed relative angle (about the centerline axis)
between the bending directions of the curved segments still
limits the accessible zone of the robot tip. Instead, we propose
to use concentric tube robots (CTRs) which constitute good
candidates for highly constrained volumes, with previous work
that demonstrated the feasibility of the inspection of the olfac-
tory epithelium [16], insertion of cochlear implants [17], optic
nerve sheath fenestration [18], among others. The independent
rotations of the tubes allow the robot to have multiple bending
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directions in space. Another interesting feature of these robots
is their ability to deploy in a follow-the-leader manner, where
the body of the robot follows the path traced out by its
tip [19]. However, the fixed tube curvature of CTRs poses
limitations regarding the volume that can be swept by the
tip, while keeping the rest of the CTR body in a constrained
environment. To improve the robot dexterity at the tip and
increase its coverage volume while keeping the rest of the
robot stationary, the distal curvature of the robot thus needs to
be varied. In order to achieve that, we propose a continuum
robot with hybrid actuation. This concept combines a needle-
size wrist with tendon driven actuation on the innermost
tube of a CTR, originally presented in [12] for an endonasal
surgery. The comparison of accessible spaces using different
continuum robot designs is demonstrated in this letter.

The main contributions of this paper are 1) the proposition
of a hybrid CTR for cholesteatoma laser surgery by con-
sidering two accesses to the middle ear in order to ensure
a maximum coverage; 2) the formulation of design consid-
erations, modeling, parameterization, and fabrication of the
highly dexterous, cannula-like continuum robot integrated with
a laser instrument to perform cholesteatoma ablation; 3) the
experimental contributions include the validation of the wrist
design in the presence of the embedded optical fiber (OF), the
sensitivity assessment of the wrist to parameters dependent
on machining tolerances, and the measurement of the robot
repeatability; 4) the demonstration of cholesteatoma ablation
with green laser on a benchtop prototype.

The paper is organized as follows: the anatomical con-
straints and robot tasks are presented in Section II. The
modeling of the hybrid concentric tube robot with a wrist at
the tip is established in Section III. Then, Section IV focuses
on the selection of a robot design to ensure a maximum
coverage of the volume of interest. In Section V, we present
experimental tests to validate the robot design and illustrate
the ablation of the cholesteatoma cells by LBO laser. Finally,
the conclusion and perspectives of this work are presented in
Section VI.

II. ANATOMICAL CONSTRAINTS AND ROBOT TASKS

In this section, we present the area of interest, and detail the
tasks that must be performed by the robot to navigate inside
it and remove the residual cholesteatoma.

A. Anatomical constraints

As previously mentioned, the anatomical area of interest is
the middle ear, more specifically the tympanic cavity. In the
anatomical representation of the ear shown in Fig. 1a, one
can observe that the tympanic cavity has a pocket-like shape
separated from the auditory canal by the eardrum. To ensure
pressure wave transmission for hearing, the latter is linked to
the cochlea by ossicles. There is a total of three accesses to
the middle ear: through the auditory canal (which requires
a temporary displacement or an opening of the tympanic
membrane), through the eustachian tube via the nasal cavity,
and through the mastoid (via a mastoidectomy or at least
a bone hole) [20]. Among them, the transmastoid access

Pinna

Auditory canal

Ear drum

Eustachian tube

Ossicles

Cochlea

Auditory nerve

Tympanic cavity

Temporal bone

Mastoidectomy

(a) (b)

AtticAccess path
through mastoid

Access path
through the

auditory canal

Fig. 1. (a) Anatomical representation of the ear, and (b) the meshed tympanic
cavity that contains the cholesteatoma to remove with two accesses for the
proposed surgical protocol.

to the attic (upper part of tympanic cavity) (Fig. 1b) is of
major importance as it is the most frequent site of residual
cholesteatoma [1]. To define the anatomical constraints, the
model of the right ear shown in Fig. 1b was used. It is
reconstructed from a set of DICOM images of the area
of interest, taken with a CT scan. For this purpose, we
used the image segmentation and 3D reconstruction software
Invesalius [21]. Finally, the mesh was post-processed using
MeshLab and SolidWorks to isolate, clean, and simplify it. The
measured inner volume of the tympanic cavity of the obtained
3D model is 950 mm3, which is consistent with the typical
values between 0.5 to 1 cm3 in the literature [22].

B. Robot tasks
The complete treatment in case of residual cholesteatoma

requires two tasks. The first task consists in searching residual
cholesteatoma by optical biopsy. We envision to use Optical
Coherence Tomography (OCT) combined with fluorescence
spectroscopy [23] to ensure compactness. Afterwards, the
locations of the sites of interest would be sent to a machine
learning classifier previously trained to determine whether or
not the observed tissue is composed of residual cholesteatoma.
The second task is to perform the ablation of the detected
residual cholesteatoma by a green laser, demonstrated to be
efficient [24]. The robot, which has to perform these two
operations sequentially, is considered to be inserted through
the mastoid (via a created hole of 3 mm in diameter) and
through the auditory canal by displacing the eardrum. The
ossicles are supposed to be dismantled beforehand, as the main
challenge considered in this study is the middle ear coverage
rather than path planning with obstacle avoidance to reach the
desired site.

III. MODELING OF THE HYBRID CONCENTRIC TUBE ROBOT

The proposed robot consists of two main parts: the CTR,
and the wrist actuated by a tendon. Both of these components
are detailed in this section. We assume the deformation of the
CTR to be negligible under the tendon load. This assumption
holds for a CTR body that has a much higher stiffness than
the wrist, which is the case in this work. Let O be the point
along the robot centerline that joins the wrist and the CTR
(see Fig. 2). The homogeneous transformation matrix of the
entire robot from the base to the tip is given by Eq. 1.

GTB = GOBG
T
O (1)
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Fig. 2. Representation of the hybrid concentric tube robot composed of
a CTR and a dexterous wrist integrated to the inner tube, with associated
parameterization.

TABLE I
NOMENCLATURE

· Derivative with respect to s
∧ Mapping from R3 to so(3)
N Number of tubes in the CTR
i Tube index, numbered in increasing diameter order
s Curvilinear abscissa along the robot
kib Bending stiffness of tube i
kit Torsional stiffness of tube i
Li Total length of tube i
βi Location of the base of tube i
uuu∗i (s) Initial prevurvature of tube i
uuui(s) Equilibrium curvature of tube i
ψi(s) Twisting angle of tube i
pppi(s) 3D position of tube i in the global frame
Ri(s) Orientation of tube i in the global frame
D2 Outer diameter of the tube 2
rin, rout Inner and outer radii of the innermost tube
ρ Radius of the OF
l Length of the wrist
n Number of cutouts in the wrist
h Height of cut
c Distance between cuts
b Length of the distal uncut section
g Depth of cut
d Location of the OF centerlines within a cross-section
θ Bending angle within a cutout of the wrist
ȳ Location of the neutral bending plane
εmax Maximum strain of the material
µs Static friction coefficient between wrist and tendon
κ, κf Bending curvatures of the wrist and the OF
E,Ef Young’s modulus of the inner tube and the OF
Ftendon Force applied on the tendon

The main variables for the modeling are reported in Table I.

A. Basics of CTR kinematics

Torsionally-compliant kinematic models of CTRs have been
derived from both energy minimization and Newtonian equi-
librium of forces [25]. In the first case, the expression of
the elastic energy stored inside the tube assembly leads to
a boundary value problem (BVP). In this work, we consider
tubes that have an initial precurvature vector of the form
uuu∗i (s) = [κi 0 0]T . The BVP to solve is given by Eq. (2)
as introduced in [25]


ψ̇i = uiz

u̇iz =
kib
kbkit

N∑
m=1

kmbκiκmsin (ψi(s)− ψm(s)) ,
(2)

with kb =
∑N
i=1 kib. Continuity of the tube angles and their

torsion must be ensured between each link, and the boundary
conditions given by Eq. (3) apply at the insertion point s = 0
of the tubes as well as at their tips, at s = Li + βi [25].{

ψi(0) = ψi(βi)− βiψ̇i(0)

ψ̇i(Li + βi) = 0
(3)

The first boundary condition corresponds to the known tube
angle at s = 0, under the assumption of uniform torsion along
the transmission lengths of the tubes, and knowing the angle at
the tube base ψi(βi), which is a kinematic input. The second
one corresponds to the absence of torsion at the free distal
ends of the tubes. After solving for the torsion of the tubes
along their lengths, their curvature components along the x
and y axes are computed using Eq. (4).

uuuixy =
1

kb

N∑
m=1

Rψm−ψikmbuuu
∗
ixy (4)

Then, after the final curvatures of the tubes uuui(s) are fully
determined, the position of each tube in 3D space is obtained
by integrating Eq. (5)

ṗppi = Rieee3, Ṙi = Riûuui, (5)

where e3 is the vector of the Bishop frame tangent to
the robot backbone, and ûuui is the skew-symmetric matrix
computed from uuui(s), with initial conditions ppp(0) = 000 and
R(0) = Rz(ψi(0)). Thus, the transformation matrix GOB can
be obtained using the knowledge of the inner tube pose at O.

B. Bending wrist mechanism

The mechanism of the asymmetric notch joints (wrist) was
originally described in [12] with both kinematics and statics
models. In this section, the static one that maps the tendon
tension, Ftendon, to the resulting bending angle, θtotal, is
briefly reviewed here for completeness, and then improved by
taking into account the presence of the OF inside the wrist.

By using Castigliano’s first theorem and considering the
frictional loss of the tendon tension due to 2n corners (two
corners per cutout), the governing equation is given in Eq. 6

Ftendon =
1

η2nL

∂U(κ)

∂θtotal
, (6)

where L is the moment arm length, U(κ) denotes the total
strain energy stored in the wrist which can be found by
considering the piecewise linear stress–strain curve behavior
of Nitinol as detailed in [12]. The tension lost due to friction
at a corner η can be expressed in terms of the static friction
coefficient µs between the tendon and the wirst, and the
deflection angle of the tendon γ = π − θ

2 (Fig. 3c) using
the static balance equation for a single corner, as in Eq. (7).

η =
sin(γ/2)− µscos(γ/2)

sin(γ/2) + µscos(γ/2)
(7)



4 IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED NOVEMBER, 2021

The relationship between θtotal and κ is shown in Eq. 8.

θtotal = nθ =
nhκ

1 + ȳκ
(8)

in which the number of cutouts n, the cut height h and the
neutral bending plane location ȳ are constant (see Fig. 3).
The mapping between Ftendon and θtotal can be obtained by
numerically solving Eq. 6. The knowledge of θ (using Eq. 8)
allows to calculate the homogeneous transformation GTO from
the connection point O to the tip T (Fig. 2).

C. Optical fiber integration

As the stiffness of the embedded OF cannot be neglected,
the modeling of the wrist needs to be modified. Then, the
strain energy of this fiber Uf will be added in the total strain
energy U in Eq. 6. In the following, Uf will be expressed
as a function of θtotal. For the purpose of similarity, the OF
section contained in the wrist is assumed to be separated into
two portions: straight (Ss) and curved (Sc) as shown in Fig. 4a.
Then, the strain energy to be determined is stored in the curved
portion Sc. Based on the constant curvature assumption, strain
along the length of the OF varies in a cross section of the
bending portion according to Eq. 9.

εf = κf (y − d) = κfyf (9)

The y-axis of the body coordinate frame lying at the centerline
of the OF yf = y − d is employed now to simplify the
expression (as shown in Fig. 4c). Considering a linear elastic
deformation, the stress of the fiber can be found as

σf (εf ) = Ef εf , (10)

where Ef is the Young’s modulus of the OF. By considering
the curved portion of the OF as a set of one-dimensional
stretched and compressed axial fiber elements, the strain
energy density is given by Eq. 11.

Wf (εf ) =

∫ εf

0

σf (e)de =
1

2
Ef ε

2
f (11)

An axial fiber element locating at yf has a length given by
Eq. 12.

lf = (κ−1
f + yf )θtotal (12)

The strain energy stored in the portion Sc is given by Eq. 13.

Uf =

∫ +ρ

−ρ

(
2Wf lf

√
ρ2 − y2f

)
dyf =

πEfκfρ
4θtotal

8
(13)

where ρ is the radius of the OF. To obtain the relationship
between κf and κ, the length of the curved portion Sc is
approximated by Eq. 14.

Sc =
θtotal
κf

≈ nh(1 + κd)

1 + κȳ
+ (n− 1)c (14)

By using Eq. 8, Eq. 13, and Eq. 14, the strain energy Uf can
be found as a function of θtotal according to Eq. 15.

Uf =
πEfρ

4θ2total
8 [nh+ (n− 1)c− θtotal(ȳ − d)]

(15)
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IV. ROBOT SYNTHESIS BASED ON THE ANATOMY

The main focus of this section is the selection of a robot
that can cover the desired workspace inside the middle ear. For
this, the volume to cover is compared to sets of sampled tip po-
sitions of the robot, corresponding to possible configurations.
A configuration is called possible when it allows to reach a
point inside the tympanic cavity without any collision with the
anatomy (Fig. 5). The V-Collide library [26] is employed in
this work to detect the collision between two volumes defined
by triangular meshes. We also use the Parallel Computing
Toolbox of Matlab (The MathWorks Inc., Natick, USA) to
enhance the computation speed. The first volume is the mesh
of the robot created with Matlab whose centerline is obtained
using the model developed in Section III, and the second one
is the area of interest of the ear as detailed in Section II.
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Fig. 5. Representation of robot configurations that reach the tympanic cavity
through the two accesses. Configuration (1) is possible. Configuration (2) is
not possible as the tip is outside the tympanic cavity. Configuration (3) is not
possible because of collisions between the robot body and the ear model.
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TABLE II
CONFIGURATION OF THE CONCENTRIC TUBE ROBOT

Tube Outermost Middle Innermost

Diameter
(mm)

Outer Inner Outer Inner Outer Inner

2.50 1.80 1.50 1.25 1.08 1.00

Active
length
(mm)

Straight Straight Curve Straight

56 36-48 20 56-76

Moving
ability
(deg-mm)

Rotary Linear Rotary Linear Rotary Linear

fixed at the base full 12 full 20

The robot design parameters are chosen by selecting the set
that increases the volume covered inside the ear. To do this,
we create different configurations by changing discretely the
translation and rotation of the tubes as well as the bending
angle of the wrist. The reachable volume is then computed as
the envelop of all tip points reached by the robot.

A. Calculation of the coverage volume

The collision test is performed in 3 steps. Firstly, the
robot needs to be inserted through one of the entry paths
of the tympanic cavity. Then, θ (see Fig. 3) is fixed to 0.
The tubes are translated and rotated to obtain different robot
configurations, and collision assessments with the ear are
performed. The third step consists in collision tests between
the mesh surface of the wrist by increasing θ with a discretized
value from the non-colliding configurations at the previous
step and the middle ear. As the number of mesh variables
(vertices and faces) of the wrist is much smaller than those of
the whole robot, the computation time is significantly reduced.
Finally, the point cloud of the tip positions corresponding to
possible solutions is saved. Its volume is determined using the
alphaShape function in Matlab.

B. Robot specifications

In this section, we consider a CTR made of 3 tubes.
It is a common choice for this type of robot, in order to

obtain 6 degrees of freedom. As the mastoid bore and the
auditory canal are both (nearly) straight, the outermost tube
needs to be straight and substantially stiffer than the inner
ones to constrain the robot to pass through these accesses.
This requirement is considered valid if the proximal link
has a stiffness 10 times higher than the adjacent one [27].
Next, the middle tube with a precurved shape is employed
to navigate the robot inside the narrow space of the middle
ear. Lastly, the innermost tube is chosen to be straight for
the following reasons: 1) the combination of straight, curved
and straight tubes ensures the absence of instabilities during
the operation [28] which, if they occur, can be harmful to the
patient; 2) only the wrist changes its shape when the innermost
tube is rotated, which is a convenient way to decouple the
motions of the tip compared to the rest of the robot body.

The tube diameters are reported in Table II according to the
diameters of the entry hole through the mastoid, the tendon
and the OF. The table also shows the requirements of the active
length (s > 0) and the movement ability of the tubes. Stainless
steel (Young’s modulus E = 200 GPa) is selected for the outer
tube to reduce its deflection due to the curvature of the middle
tube. The material selected for the middle and inner tubes is
Nitinol (E = 60 GPa) [29]. The design parameters of the CTR
are the precurvature of the middle tube, κ2. The maximum
value of this quantity is 0.1 mm-1, given by Eq. (16) [30].

κ2max =
2εmax

D2 (1 + εmax)
, (16)

where D2 = 1.5 mm is the outer diameter of the middle tube
and εmax = 8% is the recoverable strain limit of Nitinol.

For the wrist, the depth of cut g is 0.93 mm to obtain a
small strain on the tendon (< 4%) but still ensure low fatigue
of the wrist material. The length of the distal uncut portion b
is chosen of 2 mm. The height of cut and other uncut portions
(named as h and c respectively (see Fig. 3a)) are designed with
the same dimensions. It is important to note that if the height
of cut h is too large, the assumption of constant curvature will
no longer hold, the risk of buckling-like failure will increase,
and the friction loss will be greater [12]. Otherwise, if h is
too small, it will lead to a very sophisticated fabrication of the
wrist and will limit its achievable curvatures. Thus, the value
of h is considered between 0.25 and 0.50 mm. As the length

Actuator Unit

A

Wrist

Entry point

(a)

CTR

Actuator Unit Entry point
B

C

(b)

CTR+Wrist

Actuator Unit Entry point

(c) (d)

Fig. 6. Simulations of the tympanic cavity coverage volume by the robots that are inserted via a 3-mm hole through mastoid: (a) only 1-segment uni-
directionally notched tube is considered, point A cannot be accessible by neither the robot that has only 1 wrist nor one that has 2 wrists in terms of C and
S shapes as the inserting path requires bending in two different planes; (b) only the CTR is considered, the robot cannot reach point B and C due to the
limitation of the precurvature of the tubes; (c) the CTR with the distal wrist significantly improves the coverage volume inside the tympanic cavity. (d) Total
tympanic cavity coverage volume by the hybrid concentric tube robot inserted via the two accesses.
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LBO laser source Benchtop robot prototype Ear models Force sensorHybrid CTR

58 cm

Fig. 7. Our experimental setup. The actuator unit consists of three part. Each part can perform a translation and a rotation. The outermost tube is fixed to
the actuator unit’s frame. Two linear-rotary stages are used to translate and rotate the middle and the innermost tubes. The last linear-rotary stage equipped
with a force sensor is employed to drive the tendon and measure its tension force. Thus, 5 degrees of freedom is used in this letter.

1 mm

(a)

100 μm

(b)

Fig. 8. (a) Hybrid CTR is built according to the simulation results. (b) The
end cap to fix the tendon and the laser OF at the distal end.

of the upper part of the tympanic cavity is around 13 mm,
the wrist length l (including the distal uncut portion) will
be examined from 5 to 8 mm to find the best design which
maximizes the coverage volume by inserting the robot through
the entry hole on the mastoid. The number of cutouts n, which
is now a variable depending on l, h, and c, will vary to obtain
different values of h in the mentioned survey interval. Based
on the simulation result, κ2 = 0.1 mm-1, l = 5 mm, and
n = 5 are chosen to fabricate the hybrid concentric tube robot
for the purpose of the biggest coverage volume. The coverage
volume obtained is 434 mm3 through the entry hole on the
mastoid and 527 mm3 through the auditory canal. The total
coverage volume is 884 mm3, which corresponds to 93.1% of
the tympanic cavity volume (see Fig. 6d). In addition, Fig. 6
shows the comparison of accessible spaces using different
robot designs through the created mastoid hole. The coverage
volume using the hybrid CTR (434 mm3 (see Fig. 6c)) is
almost twice as large as that obtained by only employing the
wrist (214 mm3 (see Fig. 6a)) or the CTR (220 mm3 (see
Fig. 6b)). One can confirm that hard-to-reach locations of the
middle ear can be accessed by the hybrid CTR.

V. EXPERIMENTAL ASSESSMENTS

A. Hybrid concentric tube robot prototype

Experimental assessments were performed on a benchtop
robot prototype (Fig. 7) which has already used as our
validation robot for the kinematic model proposed in [31].
As a reminder, it is equipped with an actuation unit with 3
linear and 3 rotary stages using Beckhoff step motors with
a positioning accuracy lower than 1 µm and 0.02◦ for the

translation and rotation, respectively. The actuator unit is
controlled through a program developed using Qt on a realtime
GNU/Linux operating system (Xenomai) and an EtherCAT
slave card. The tubes which constitute the CTR were acquired
in a straight shape from Euroflex GmbH. The shape-setting
of the middle tube was performed using a mold and the
tube specimen was placed in an air furnace at 600oC for
20 min, and then quenched in water at room temperature.
To fabricate the wrist, we used the Charmilles 2050 TW
machine for wire-cut electrical discharge machining, with the
diameter of the wire being 0.1 mm. The hybrid CTR with
design parameters selected according to the simulation results
is shown in Fig. 8a. The cap of the wrist (diameter = 1.5 mm)
fabricated by utilizing Nanoscribe 3D printing has a specific
design to constrain its relative rotation with respect to the
wrist, the tip location of the tendon and also the optical fiber
(Fig. 8b). We use an LBO laser generator from L.I.S. company
(France) with the power up to 8 W and the wavelength of
532 nm for cholesteatoma ablation (see Fig. 7).

B. Model validation & Sensitivity analysis of the wrist

An experiment is conducted to validate the model of the
wrist. The M-112 compact micro-translation stage from Physik
Instrumente (Germany) with 0.05 µm resolution was used
to move the tendon and a force sensor (Phidgets CZL635)
with 25 mN resolution measured the force applied on the
tendon. We used a digital camera (DNT DigiMicro 2.0) to
captured the images of the bending wrist. The experimental
comparison with the statics model is shown in Fig. 9a. To
illustrate the sensitivity of the model to the cut depth g and
the static friction coefficient µs which mainly depend on the
machining tolerances, we fabricated 3 different wrists with the
same nominal design parameters as mentioned in Section IV
and determined these two parameters that provided the best
agreement with the experimental results. As shown in Fig. 9,
a small variation in these parameters (within 1%) can lead to a
non negligible difference in the bending of the wrists. One can
conclude that the tolerance of the machining method is really
important and a calibration step is mandatory before the use of
the wrist. Now, we use wrist 2 for the following experiments.
Fig. 10a shows the validation tests of the tip spatial trajectory
with RMSE = 0.708 mm. To fit the wrist model to the
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(a)

1 mm

1 mm

1 mm

Wrist 1

Wrist 2

Wrist 3

(b)

Fig. 9. (a) The statics model predicted and experimental results correspond to
the tendon force required to bend the wrists. We conducted three tests for each
wrists by changing the speed of the translation stage to 5, 10, and 15 µm/s
and calculate the average value for the experimental data. The yellow domain
shows the sensitivity of the model in blue curve with 1% variation of g and
µs. As the statics model is most sensitive to the cut depth, the red curve
(wrist 3) with a big difference in µs is still belong to the yellow domain. (b)
Wrist 1, 2 and 3 under the tendon force of 0.6 N.

(a) (b)

Fig. 10. (a) Model predicted and experimental tip spatial trajectory of the
wrist (without the OF for a maximum bending of 85o). The error arises when
the wrist bends with a big curvature as the proximal cutout firstly bends
during the test. (b) Model predicted and experimental results correspond to
the tendon force in case of with and without the OF. We increase the bending
angle of the wrist until the maximum value is obtained (27o for wrist with
OF). Parameters of the model: ρ = 0.42 mm, d = 0.12 mm, and L = Ri.

experimental results, we estimate the Young’s modulus of the
OF Ef = 3.1 GPa. This estimated value is consistent with
one reported in the literature (about 3 GPa) [32]. The static
model is validated with RMSE = 1.478◦ (R2 = 98.7%)
and RMSE = 1.330◦ (R2 = 96.8%) in case of without the
embedded OF and with it, respectively (Fig. 10b). The tendon
force significantly increases in the presence of the OF that
shows the importance of considering this fiber in the model.
The coverage volume obtained in Section IV is an ideal case.
As shown in the experiment, the maximum curvature of the
wrist is restricted by the allowable bending curvature the OF,
thus a small bending radius must be an essential requirement
of the OF for the future compact design (see Section VI).

C. Robot repeatability

According to the surgical protocol, the proposed robot
has to perform sequentially the cholesteatoma detection and
removal. Thus, the ability to return to the same position
between these two phases is an indispensable requirement of
the robot. In this section, we propose an efficient method to

(a)
Cholesteatoma

1 mm

(b)

Fig. 11. OCT volume images (C-scan). (a) Left: Two different OCT images
of the same actuation set. Right: After applying the transformation matrix for
one image to align it with the other one. (b) Left: cholesteatoma cells burned
by using the LBO laser. Right: volume image of the residual cholesteatoma
during the ablation.

1.344

2.424

3.107ΔR    = 1.765 mmmax
RMS = 0.687 mm

Fig. 12. The measurement of repeatability value of the robot.

measure the repeatability of the hybrid CTR without adding
any external sensor which can cause unexpected errors in the
robot configuration at millimeter scale. This method is based
on using OCT volume image (C-scan) of the distal part of the
robot and perform the point cloud registration as previously
presented in [33]. A set of 40 volume images was obtained
with a Telesto-II 1325nm spectral domain from ThorLabs by
translating, rotating the tubes as well as bending the wrist,
then returning to the same programmed configuration. The
purpose of this method is to find the transformation matrix
Tform ∈ SE(3) to align the moving point cloud (volume
image) with the reference point cloud. The first volume image
was employed as the reference and the function imregtform of
MATLAB was used to estimate the geometric transformation
matrix as shown in Fig. 11a. Fig. 12 shows the experimental
result where RMSE is 0.7 mm for distance errors and 1.34◦ -
2.42◦ - 3.11◦ for the angular ones. These obtained results are
acceptable for the requirements of the cholesteatoma ablation
in a semi-automated mode.

D. Cholesteatoma removal demonstration

To demonstrate the ability of the proposed robot to fulfill
the surgical intervention, real cholesteatoma cells collected
after surgical procedures from Besançon Hospital were used
in this experiment. Through teleoperated mode, the proposed
robot is moved to reach the target location and perform the
ablation of the cholesteatoma by LBO laser. The movement
sequence and the ablation are available in the accompanying
media. In addition, we can monitor the volume of the residual
cholesteatoma cells by using the OCT C-scan and image
processing methods [33]. An example of result is shown in
Fig. 11b where the estimated volume is about 2.399 mm3.
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VI. CONCLUSION

In this letter, a hybrid concentric tube robot with a tendon
driven wrist is proposed for cholesteatoma laser surgery. The
proposed surgical protocol was based on two accesses: a 3 mm
hole through the mastoid and the auditory canal. A complete
modeling of the robot with the embedded laser surgical tool
has been derived. Then, the robot design integrated the model
of the hybrid CTR, discretization of the design parameters, and
collision test during deployment in the middle ear. Simulation
results demonstrated that the hybrid CTR was an efficient
design to contact hard-to-reach locations inside the tympanic
cavity. The dexterous wrist model was validated in the present
of the optical fiber with RMSE about 1.33◦. The robot
repeatability was assessed using OCT volume image where
RMSE is 0.7 mm for distance errors and 1.34◦ - 2.42◦ - 3.11◦

for the angular ones. The ablation of real cholesteatoma cells
by using LBO laser was demonstrated. Future work will focus
on the autonomous control of the hybrid CTR and the design
of a lightweight and compact actuator unit in order to ensure
the integration on the otologic robot RobOtol (Collin Medical,
Bagneux, France).
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