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Review on Otological Robotic Systems: Toward

Micro-Robot Assisted Cholesteatoma Surgery

Bassem Dahroug!, Brahim Tamadazte!, Stefan Weber?, Laurent Tavernier®, and Nicolas

Andreff!

Abstract

Otologic surgical procedures tend over time to become minimally invasive due to the de-
velopment of medicine, micro-techniques and robotics. This trend is expected to reduce the
patient’s recovery time and to improve the accuracy in diagnosis and treatment. One of the
most challenging difficulties that face such techniques are precise control of the instrument and
supply of an ergonomic system to the surgeon. The objective of this literature review is to present
requirements and guidelines for a surgical robotic system dedicated to the middle ear surgery.
This review is particularly focused on cholesteatoma surgery (diagnosis and surgical tools) which
is one of the most frequent pathologies that urge for an enhanced treatment. The paper also

presents the current robotic systems which are implemented for otologic applications.
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I. Introduction

Cholesteatoma consists of squamous epithelium that is trapped within the skull base [1], and
which can erode and destroy important structures within the temporal bone, especially the middle
ear structures (e.g., the ossicles as depicted in Fig. 1). The only treatment in the current medical
practice is a surgical intervention, and its efficiency depends on the surgeon skills. In addition,
post-operative complications may occur, such as facial nerve damage, total neurosensory hearing

loss, residual tympanic membrane perforation and balance disturbance.

Tmage of Cholesteatoma evolution [online]. http://entkidsadults.com/ent-diagnosis/ear-nose-throat/

cholesteatoma,/
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Fig. 1. Description of different parts of auditory system and Cholesteatoma progress over time *.

Depending on the surgical procedure, approximately ten to thirty percent of cholesteatoma
operations are unsuccessful with some residual or recurrent cholesteatoma cells [1] [2]. Recur-
rent cholesteatoma means that the disease grows again after the ablation process, while residual
cholesteatoma refers to the cells that have been left behind by the surgeon. In both cases, an MRI
(Magnetic Resonance Imaging) revision is performed (two to three times with an interval of six
months between each examination). This revision has the objectives: i) to visualize and observe the
evolution of the cholesteatoma cells aggregation, ii) to determine whether it is necessary to perform
a secondary procedure (also known as ”second-look procedure”) or not.

In fact, prior to the use of MRI and CT (Computer Tomography), the incidence of secondary
procedures was very high (almost all patients underwent a second surgery), while the use of medical
imaging has reduced the incidence to thirty percent. However, the limited access to the middle
ear cavity, as well as the difficulties to detect the disease with enough accuracy prevents from
reducing the prevalence of secondary interventions. Consequently, there is a clinical need to reduce
this percentage even more, or to completely avoid it, and an opportunity to do so thanks to a
high added-value robotic system, relaying on advanced mechatronics and innovative image-guided
control strategies. Such a robotic system should provide the surgeon with super-human capabilities:
increased accuracy, real-time tool monitoring, data logging, traceability and ergonomic. Such a
system should also yield reduced invasiveness.

Over the previous three decades, surgical robotics has become an active research branch by

providing solutions for a wide range of clinical problems [3]. More recently, the development of



miniaturization methods has and will contribute to the advancement of micro- and nano-robots [4]
[5] [6] [7] which should improve both the biopsy and the therapy of auditory system disorders and
diseases.

Improving the effectiveness of cholesteatoma removal in addition to reducing the risk of anatomical
lesions by increasing the accuracy and repeatability of the treatment has the potential to improve
surgical outcomes and ultimately patients benefit. Further, specific targeting of diseased tissues
with the aid of image-guided and bendable surgical robotics would improve access capabilities,
and thus reduce the need for large incisions and bone tissues removal, resulting in reductions in
invasiveness, patient recovery time, operation time and costs. Furthermore, the auditory system size
and its location in the skull prevents from using conventional surgical robots. As a consequence, an
unprecedented microrobot-assisted otological system must be invented.

Robot-assisted cholesteatoma surgery has not yet been explored, despite the evident benefits and
the trend towards robotic assistance. Within this article, a review of the otologic robotic systems,
medical imaging modalities, and interventional tools are presented towards the realization of a system
suitable for cholesteatoma surgery. This review has also the objective to be a source of inspiration
for a newcomer to the field of otological surgery, and those concerned in cholesteatoma treatment as
engineers, scientists or surgeons. It also aims at providing an exhaustive description of the scattered
bits of investigation related to robot-assisted cholesteatoma surgery. It faces the challenge to be
readable both by an otorhinolaryngologist and by a roboticist. May each of them forgive us the
simplifications necessary to the other one’s understanding and interest. Thus, Section II provides the
clinical information to the readers who are not familiar with the cholesteatoma disease. It deals with
the cholesteatoma pathology, its complications, epidemiologic issues, diagnostic imaging systems,
and more details on the current surgical treatment, as well as the ablation tools. Section III-A
presents then the ideal requirements and specifications for an ideal system without any constraints
on the available technology. Afterwards, Section I11-B shows the current state of otological robotics.
It provides an exhaustive survey of otological robotic systems and their limitations for possible
use throughout cholesteatoma surgery. At the end, Section IV discusses the presented materials.
It lays down detailed technical guidelines for the future development of an efficient and reliable
micro-robotic system for cholesteatoma removal. This last section also highlights some tracks to be

investigated.



II. Cholesteatoma disease
A. Ear Anatomy

The auditory system is a delicate mechanism and it consists typically of three parts: external ear,
middle ear and inner ear. It is sustained in the skull base, more precisely in the temporal bone and
the mastoid portion which is formed of bone filled with air cells [8].

The outer ear is the external portion which consists of the pinna (auricle) and the external ear
canal (auditory meatus). This canal length is about 25mm and its diameter varies from 5mm to
10mm [9] (Fig. 2). The external ear gathers and focuses the sound waves to make the tympanic
membrane vibrate. These vibrations are transmitted from the middle ear to the inner ear due to

the motion of three tiny bones (i.e., the ossicles: malleus, incus and stapes).

Fig. 2. Dimensions of different parts of auditory system.

The inner ear is composed of the cochlea and the three semi-circular canals, which are the
sensory receptors of hearing and balancing, respectively. The middle ear consists mainly of the
tympanic membrane and the tympanic cavity that shields the ossicles. This cavity has an irregular
parallelepiped form [9], where its length is around 13mm (from front to back), its height has a
maximum variation from 7mm to 15mm (from top to bottom), and the width varies from 2mm to
S5mm (from left to right), see Fig. 2. The volume of this cavity varies from one person to another,
which also increases during the individual growth periods approximately from 452mm? for an infant
to 640mm? for an adult [10].

To improve the surgeon capabilities within this millimetric confined workspace, a surgical micro-
robot is crucial for providing dexterity and ergonomic, facilitating the access, and maximizing

visibility and manoeuvrability during the surgical intervention.



B. Definition

Cholesteatoma consists of squamous epithelium that erodes and destroys structures within the

2 in the middle ear cav-

temporal bone [11]. It occurs when epithelial cells produce keratin
ity. This cavity gathers the tympanic cavity and the pneumatic portions of the temporal bone.
Cholesteatoma is usually classified into three types: congenital, primary acquired and secondary
acquired cholesteatoma [1]. Acquired cholesteatoma is related to an alteration of the tympanic
membrane. The primary acquired cholesteatoma is usually limited to the fragile top part of the
tympanic membrane (i.e., the pars flaccida) (Fig. 3(a)). The secondary acquired cholesteatoma

appears after a trauma of the tympanic membrane or fraction of the temporal bone. The congenital

type, rarer than the acquired ones, occurs behind an intact tympanic membrane (Fig. 3(b)).

Fig. 3. (a) Typical primary acquired cholesteatoma which destroyed the top region of the tympanic membrane [12];

(b) typical congenital cholesteatoma deep within a normal tympanic membrane 4,

C. Physiopathology, Complication and Epidemiology

The origin of cholesteatoma has been subject to extensive debates [1]. On the one hand, the origin
of congenital cholesteatoma is remnants of epithelial tissues behind an intact tympanic membrane,
after birth. On the other hand, there are pieces of evidence for, at least, four different mechanisms
that may explain the development of acquired cholesteatoma: i) squamous metaplasia theory, ii)
basal hyperplasia theory, iii) immigration or invasion theory, and iv) retraction pocket theory.
Moreover, these mechanisms may be combined. The retraction pocket theory is the most widely
supported. Under this theory, there is an invagination of tympanic membrane cells into the middle

ear due to the Eustachian tube dysfunction, inflammation of the middle ear mucosa or both [1].

2Keratin is a tough, insoluble portion substance that is the chief structural constituent of skin, hair and nails.

“Image of congenital Cholesteatoma [online]. http://www.nejm.org/doi/full/10.1056 /NEJMicm0911270



Cholesteatoma has a destructive nature; it expands gradually and causes complications by the
erosion of adjacent bony structures. The ossicular chain is the structure which is the most frequently
damaged. Thus, it leads to a conductive hearing loss. Cholesteatoma can also reach the facial nerve
and thus cause a facial paralysis. On long duration, it may even cause a brain complication by
perforating the skull bone portion between the middle ear and the meninges [11] [13].

Each year, around 10 new cases per 100,000 inhabitants are infected by cholesteatoma. It affects
also men more than women, and children less than adults [14] [15] [16]. More important is the
high incidence of residual cholesteatoma which varies from 10% to 30% percent, and it is higher
in children than adults [17] [18] [2]. TABLE I shows recent French statistics from ATIH ® that

represent the total number of cholesteatoma interventions.

Year | H71 | H95.0 (H71%) | Total (H714+H95.0)

2012 | 7355 766 (10.4%) 8121

2013 | 7214 | 835 (11.6%) 8049

2014 | 7066 770 (10.9%) 7836
TABLE I

The number of cholesteatoma interventions in France 6.

D. Diagnosis

As far as diagnosis is concerned, an HR-CT (High-Resolution Computerized Tomography) and an
MRI are widely used in the pre- and post-operative cholesteatoma assessments [19]. These methods
are considered as the standard imaging techniques. Other methods are still in the research devel-
opment phase, such as ultrasound imaging, fluorescence microscope and OCT (Optical Coherence
Tomography) [20]. These imaging techniques provide an optical biopsy (micro-metric resolution and
real-time imaging modalities) during the intra-operative phase, expect to HR-CT.

Standard diagnostic imaging: On the one side, the HR-CT provides good information about
the ossicles and the bony structures. On the other side, MRI is useful for characterizing soft tissue,

such as cholesteatoma. However, the current clinical MRI systems cannot detect lesions smaller

SATIH: Agence Technique de I'Informatique sur 1'Hospitalisation (French healthcare database). [online]
http://www.atih.sante.fr /statistiques-par-ghm-0

Swhere H71: the number of patients whose had a first cholesteatoma surgery, H95.0: the number of patients whose
had another intervention to remove the residual cholesteatoma, and H714+H95.0: the total number of cholesteatoma

interventions in each year.



than 3mm, and are not considered as a valid alternative to the second-look operation [21] [12] [19]
since the residual cholesteatoma size is often less than 3mm. Consequently, the diagnosis of residual
cholesteatoma is often difficult which explains the need for a second-look in too many cases. This
also urge for developing intra-operative diagnosis tools, able to detect individual cholesteatoma cells.

There are different techniques to diagnose cholestesatoma with the MRI, such as delay contrast-
enhanced T1-weight and echo-planar diffusion-weighted. The latter technique showed more reliable
results [22] [23] (Fig. 4). Vercruysse et al. [22] performed a study to assess an echo-planar diffusion-
weighted MR imaging for detecting the primary acquired (55 patients) and the residual cholesteatoma
(45 patients). In the first group, the diffusion-weight imaging (DWI) method detected 89% of cases
with sensitivity and specificity values of 81% and 100%, respectively. In the second group, only one
of seven surgically verified residual cases was correctly diagnosed using DWI, with sensitivity and

specificity values of 12.5% and 100%, respectively.

Fig. 4. The arrow represents primary acquired cholesteatoma [22], where (a) echo-planar DWI, (b) T1-weight.

Research on diagnostic imaging: The detection of the cholesteatoma cells throughout the intra-
operative phase is a real problem. It is difficult for the surgeon to visualize the lateral regions hidden
within the middle ear cavity. Moreover, oto-microscope is based on white-light imaging which is
hampered by blooed and does not allow for a clear distinction of small cholesteatoma masses.
Therefore, one of the following methods could be used during the intervention in order to perform
a real-time, reliable, cholesteatoma diagnostic.

First, ultrasound imaging [24] is widely used in intravascular, abdominal, gynaecologic and many
other medical applications. To our knowledge, this method has not been applied for cholesteatoma
screening but it was involved in other otological applications. Indeed, a high-frequency ultrasound
system for imaging the auditory system was proposed in [25]. Ex-vivo experiments were done to
obtain 3D images of ossicles and the tympanic membrane by using a 6mm diameter probe. Also,
2D images of the cochlea were taken through the round window membrane. The system provides

50um axial resolution, and lateral resolution varying from 80um to 130um over a 5.12mm scan



depth. The probe diameter was also miniaturized to lmm [26]. The system thus showed a better
resolution than both the MRI and the CT but some water should be injected into the tympanic

cavity for acoustic coupling sake.

Fig. 5. Comparison of cholesteatoma imagery between fluorescence (left) and histological (right), where the arrow

presents the cholesteatoma [27].

Second, fluorescence imaging [28] [29] is based on distinguishing the wavelength of the light
emitted by different substances. It could be applied during the surgery to locate the remaining
cholesteatoma cells. However, the surface of tympanic cavity must be stained with a contrast agent
(e.g., proflavine) before taking images in order to discriminate normal and infected epithelial tissues.
This technique was used in [27] [30] for realizing a fiberoptic endoscope that has a diameter of 1mm.
The ex-vivo experiments indicated that the mean accuracy, sensitivity and specificity were 95%,
98% and 92% respectively, and the resulting images are shown in Fig. 5. Moreover, the diameter
of fiberoptics could vary from 2.2mm to 0.3mm as reported in [31], making them suitable for use
in a minimally invasive middle ear surgery.

Third, OCT is a recent imaging technique [32] [33] that has many applications in ophthalmol-
ogy, cardiac and otology imaging. It showed better resolution than ultrasound [34] [35] [36] and
fluorescence technique [37] for soft tissues imaging.

Many designs of endoscopic OCT have been proposed, motivated by visualizing a sub-structure
inside cavities and hollow organs [38] [39]. In fact, there are many works that deal with OCT for
imaging various features in the middle ear, such as structures [40] [41] [42], motion of ossicles [43],
chronic otitis media [44] [45], precancer and cancer mucosa [46].

Regarding cholesteatoma, a clinical study was conducted for imaging cholesteatoma using OCT
and comparing the results with conventional observations obtained by binocular microscopy and
histology [47]. In-vivo experiments were performed on 10 patients (5 males and 5 females) by inserting

the OCT probe into the tympanic cavity under microscopic guidance, after surgical exposure. The
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OCT images exhibit significant differences in signal intensity between normal tissues and those
infected (Fig. 6) thank to a claimed cross-section resolution around 10um and penetration depth
around 1mm. However, the probe had a 2.7mm diameter which is somewhat large for examining
certain areas (e.g., the posterior superior quadrant of the middle ear) because the probe may injure

the stapes.

Fig. 6. OCT image of (A) normal mucosa; (B) cholesteatoma layer (bracket) over the mucosa [47].

E. Treatment

The main goal of the treatment is to create a dry and disease-free ear by fully eliminating the
cholesteatoma and the chronic infection. So far, only a surgical procedure is regarded as offering the
potentiality of excising all cholesteatoma cells. Depending on the infection site, various techniques
are used to gain access to the middle ear cavity [48]: i) through the ear canal (transcanal approach),
ii) through an incision in the auricle (endaural approach), or iii) through an incision in the mastoid
bone behind the auricle (postauricular approach or mastoidectomy). The latter one is the most
frequent for cholesteatoma surgery. It consists of creating a passage through the mastoid air-bony
cells. There exist two kinds of mastoidectomy: canal wall up and canal wall down procedures. In the
canal wall down (open) procedure, the posterior ear canal wall is removed as shown in figure 7(a).
A large meatoplasty is created to allow adequate air circulation into the cavity in order that the
sticky pieces of cholesteatoma could get out of the mastoid. In the canal wall up (closed) procedure,
the ear canal wall is preserved as presented in figure 7(b). This procedure offers simpler post-
operative care without regular cavity maintenance. It does not limit patients in their activities (e.g.,
hearing aids are easy to fit and there is a high tolerance for water exposure). Nevertheless, it may
have more treatment failures (i.e., recurrent and/or residual cholesteatoma) than canal-wall down
mastoidectomy, essentially due to the reduced access to the tympanic cavity and the manoeuvrability

therein [49].
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Fig. 7. Middle ear access by mastoidectomy: (a) canal wall-down and (b) canal wall-up procedures [48].

Most often, these procedures are performed under oto-microscopy. Nevertheless, the latter is
characterized by a restricted FOV (Field Of View), and it does not allow visualising the lateral
cavities, particularly with regard to the canal wall up approach. Therefore, there is a high possibility
that cholesteatoma cells are lefts behind. If there is a doubt about the quality of resection, a second-
look procedure is performed 6 to 18 months after the first surgery. Oto-endoscopy could be used
beside oto-microscopy to offer a larger FOV during the intra-operative phase. In particular, oto-
endoscope is expected to allow viewing the anatomic sites that are difficult to access under the
oto-microscopy procedure [50] [51] [52] [53]. It also provides a minimally invasion surgical procedure
during the second-look operation. Therefore, it could reduce the rate of residual cholesteatoma
during the primary operation [54] [55] [56].

The corollary to surgery is the need for rehabilitation of ear function, the conservation or
improvement of residual hearing, and the reconstruction of the tympanic membrane. Such complex
task could be simplified or hopefully discarded by the use of a minimally invasive robot-assisted

cholesteatoma surgery.

F. Ablation Tools

Cholesteatoma resection requires high expertise because it may appear under two different forms:
i) a beaded appearance, or ii) a uniform layer above the middle ear mucosa [13]. For this reason,
the surgeon should be equipped with adequate instruments (Fig. 8) and the latest technology of
ablation tools, such as ultrasound and/or laser cutting tools.

For the moment, the use of HIFU (High-Intensity Focused Ultrasound) to destroy the aggregated

cholesteatoma cells is not widely spread but it is used to target or to image diseased or damaged
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Fig. 8. Kit of standard instruments used in an otologic surgery.

tissues in others parts of the human body, such as eye 7, prostate ® or breast. The ultrasound
technology is not narrowed to remove soft tissue but it can also be used as ablation tool for hard
tissue.

The piezosurgery device (Mectron Medical Technology ?) is an ultrasound instrument (24.7-29.5kH z)
that is able to cut the bone while leaving the soft tissues untouched by the ablation process.
This instrument is used in otologic surgery [57] to perform a mastoidectomy while preserving the
facial nerve.

Furthermore, laser technology has wide application in otologic surgery to ablate hard and soft
tissues. For instance, the BeamPath COs laser system developed by OmniGuide Surgical 1° allows
performing laser otosclerosis surgery [58] and cholesteatoma ablation.

Another study was conducted to evaluate the use of solid-state potassium titanyl phosphate
(KTP) laser for diminishing the rate of residual cholesteatoma [59]. It showed that this rate was
significantly reduced, where 1 out of 36 cases had residual cholesteatoma after laser surgery and 10
out of 33 cases without laser treatment.

Furthermore, a study was conducted to develop a laser treatment that selects the cholesteatoma
cells based on the information obtained from a fluorescence imaging system [60]. In-vitro experiments
had the objective to test the technical issues, as the photodynamic effect on cholesteatoma tissue
and the different absorption enhancements. The system showed the ability to destroy up to 92% of

cholesteatoma cells.

"Imasonic Medical Transducer [online]. http://www.imasonic.com/Medical /Medical.php
8Sonacare Medical [online]. http://sonacaremedical.com
9Mectron Medical Technology [online]. http://medical. mectron.com/

0omniCuide Surgical [online]. http://www.omni-guide.com



13

ITI. Surgical robotic system

This section begins by proposing, without prior restriction regarding the available technology,
the futuristic requirements for conducting an ideal robot-assisted cholseteatoma surgery. The aim
of such a system is to execute a minimally invasive cholesteatoma surgery (see Section III-A). After
that, the current technology is presented in Section III-B. This section reviews the previous robotic
systems which are implemented for the otologic surgery. These systems represent an interesting

basis of work for the future development of a robotic system dedicated to cholesteatoma surgery.

A. Ideal Requirements for Robot-assisted Cholesteatoma Surgery

This part shows the futuristic requirements and specifications needed for implementing an ideal
system. Thereby, a novel surgical workflow is proposed here to satisfy the clinical demands. Besides
that, the technical and scientific requirements are discussed for designing the different components
of the desired system. Finally, the safety and the risk analysis are discussed within this part.

Middle ear micro-surgery needs a well-trained surgeon to overcome the clinical challenges which
can be summarized as: i) the movements within the tiny space of the middle ear cavity while
preserving the critical anatomical structures (e.g., ossicle chain, facial nerve and chorda tympani
nerve), and ii) the limited FOV for inspection and the manipulation of rigid surgical instruments
within the middle ear cavity. Thus, the ideal system must be ergonomic for the surgeon in order
to reduce his/her strain, and hence to reduce the hand tremor and to increase the precision (e.g.,
[61]). In addition, the system must help for performing dexterous micro-movements, and providing

a visual feedback and/or an automated control based on the pre- and intra-operative images.

Mechanical
driller

Fig. 9. A side view of the ear with the proposed minimally invasive tunnel.
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Clinical requirements

e New protocol: the new system creates a new workflow during the surgery

— Pre-operative phase:

*

ES

placement of fiducial markers

pre-operative imaging with CT and MRI devices

(semi)automatic segmentation of patient’s auditory system

(semi)automatic localization of cholesteatoma cells

construction a 3D surface/numerical model

plan the middle ear access tunnel (its diameter around 2-3mm) for drilling stage

plan the removal stage of cholesteatoma cells

produce a manual incision either in the external ear canal, in the auricle or behind the

ear, or a combination of both

— intra-operative phase:

ES

*

*

*

ES

automatic/manual registration of pre-operative plan to patient

bone ablation for creating the access tunnel (its depth around 25mm)

visualize the critical structure to the surgeon with the imaging tool (its outer diameter
around 1 — 1.5mm) and determine the boundary of cholesteatoma region
automatic/cooperative cholesteatoma removal from the middle ear cavity and/or the ossicles
with the ablation tool (its outer diameter < 2mm)

diagnostic in real-time the middle ear cavity for localizing residual cholesteatoma

execute the excision of residual cholesteatoma

o Risk analysis: sterilization, bio-compatible of end-effector material, infection risk, safety in

surgeon/patient robot interface, risk during surgery and other specifications by laws (e.g., CE

approval)

TABLE II

Summary of the clinical requirements and some important features.

New surgical workflow: The new intervention starts by fixing the fiducial markers to the

patient skull during the pre-operative phase (see TABLE II). Such markers are beneficial for the

segmentation and the registration processes since they will appear in the pre-operative images as

reference points with respect to the target anatomy structures. CT images allow identifying the bony

structures, while MR images are beneficial to locate the soft tissues as well as the cholesteatoma

cells. The segmentation process collects the pre-operative slice images of CT and/or MRI in order
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Imagin
to?)l ¢ Ablation

Fig. 10. A side view of the ear while manipulating different surgical tools.

to form a 3D surface model.

Then, the registration process [62] is performed at the beginning of the intra-operative phase for
calibrating the image-guided robotic system. This process often consists of bringing the coordinate
reference frames of the patient pre-operative images with the patient actual pose on the operation
table. The calibration between the robot and the patient is very important and it will affect directly
the system accuracy during the intra-operative phase. All these steps are performed with the help
of a planning software throughout the pre-operative phase (e.g., [63]).

Based on the 3D model, the surgeon plans a safe access tunnel from the mastoid surface towards
the middle ear cavity. The tunnel location should be optimized in order to drill the minimal distance
for reaching the cholesteatoma cells. The tunnel dimensions should be less invasive, compared to the
standard mastoidectomy procedure, while providing enough free space for manipulating the tools
within the middle ear cavity. Therefore, a new minimally invasive tunnel is proposed to reach the
middle ear cavity through the mastoid bone as depicted in Fig. 9. This new conical tunnel has a
small diameter about 2mm at its base which is located at the outer surface of the mastoid bone.
This has the advantage for the patient to reduce risk of anatomical lesions and recovery time. Then
the tunnel expends gradually until it reaches its maximum diameter at the upper region of the
tympanic cavity.

During the intra-operative phase, a navigation software is responsible: i) to drill the planned
tunnel in the temporal bone to reach the middle ear cavity, ii) to insert the surgical tool within the
middle ear cavity for inspecting the suspected region while avoiding the other anatomical structures,
and iii) to remove efficiently the cholesteatoma cells.

During ablation, a bimanual system is used (Fig. 10), as it is already done by the surgeon. The
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first manipulator is used to drill the proposed tunnel. However, the way from the mastoid surface
until the tympanic cavity could content infected cells. Thereby, a novel mechatronics device is needed
for an easy and fast exchange between the different tools (i.e., ablation and imaging tools). Such a
device would be helpful for disinfecting the mastoid portion.

The second manipulator passes through the external ear canal and it is equipped with an OCT
imaging probe to provide real-time 3D images (i.e., 3D optical biopsy) with micro-metric resolution.
Such images are ideal to find out with high precision the location of cholesteatoma cells within the
tympanic cavity. The OCT tool keeps the infected cells within its FOV and it guides automatically

the ablation tool to scatter and suck out the infected cells.

B. Otological surgical robotic systems

During the standard middle ear surgery, there are mainly two challenges that face the surgeon: i)
limited FOV, and ii) tools rigidity. Therefore, the following classification provides inspiring examples
to solve these challenges. Beside that they are useful to achieve the requirements in Section I1I-A.

The following classification arranges two groups of surgical robotic systems according to their
medical applications. The first group is specifically dedicated to inner ear surgery, while the second
group gathers the middle ear surgical robotic systems. For each system presented below, its strengths
and weaknesses will be analyzed and the improvements towards cholesteatoma surgery will be
suggested.

The majority of otological robotic systems are dedicated to cochlear implantation for treating a
sensorineural hearing loss. This surgery is divided into two mains steps: i) the first one is to create
a passage to the inner ear, and ii) the second one is to insert the electrode into the cochlea (e.g.,
[64] [65]). Cochleostomy has the aim to reduce the required size of the mastoidectomy to a tunnel
just larger than the inserted electrode (i.e., 1.5 ~ 2mm) for reaching the inner ear. The created
tunnel begins at the outer surface of the mastoid, passes through the facial recess and terminates in
the middle ear in front of the round window. The required accuracy may be achieved by a robotic
system, such as proposed in [66] [67].

Other robotic systems perform stapedectomy, which is the replacement of the stapes bone by
an artificial prosthesis to treat a conductive hearing loss (e.g., [68] [61]). This surgery enters the
middle ear through the external ear canal. As far as we know, there is not a robotic system that
is dedicated to cholesteatoma surgery but the technology used in the following systems could be

helpful to implement our objective system. The following part is divided into two classes: i) the
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robotic systems that works in the inner ear to perform a cochleostomy, and ii) the other systems

that works in the middle ear to perform a mastoidectomy or a stapedectomy.

Strengths: The master console provides a planning
software and 3D environment reconstruction. This
study extends its capacity by adding augmented
reality for helping the surgeon. The tele-operated
slave robot has a good accuracy for tool position-
ing.

Weaknesses: This system is very expensive and its

size is very huge for executing small movements

within the middle ear.

Improvements: Reduce size and costs. Add ade-

Fig. 11. Da Vinci system in an operation room during

cochlear implantation surgery [69]. quate tools for middle ear surgery.

I surgical

1) Inner ear surgery: A cochlear implantation surgery was conducted with the Da Vinci !
system [69] (Fig. 11). This commercial system was originally dedicated to urologic surgery. It was
adapted for performing mastoidectomy and image-guided electrode insertion. A custom tool adaptor
is fabricated to hold a 8mm drilling tool and to shift its axis by 30° in order to be parallel with the
endoscope axis. In fact, it is beneficial to use the different components of this commercial system, as
its master console, its slave robot arm (which equipped by a driller, a 3D stereo-endoscope, and a
suction/irrigation tool), a CT scanner, and a planning software. Cadaverous experimentations were
done in two cases: i) the first case was done on a left temporal bone, and ii) the second one was
done with augmented reality on right temporal bone. The operation was completed without any
violation of critical structures and it took around 160 minutes per side.

For comparison, the current manual surgical intervention of cholesteatoma takes around 120
minutes by a senior surgeon, while it would take around 240 minutes by a junior surgeon. However,
this system is too expensive and bulky. This is why dedicated robots were developed as shown
below.

Another robotic system for cochlear implantation was proposed in [70] [72] [73]. The system uses

an industrial robot (KUKA KR3) with 6-DOF to drill a tunnel through the facial recess (Fig. 12(a)).

Hntuitive Surgical, Inc. [online]. http://www.intuitivesurgical.com/products/davinci_surgical_system/davinci__

surgical system_ si/
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Strengths: the system consists of a planning soft-
ware, an image-guided control, an optical naviga-
tion system, a milling tool and an insertion control
of electrode

Weaknesses: Industrial robot is good for testing
the control laws but it is not compatible with the
clinical applications. The system is only equipped
with a hard tissues ablation tool. The targeting
error is too large.

Improvements: Reduce the robot size and increase
its resolution. Develop a soft tissue ablation tool

and a control software for guiding the ablation tool

inside the patient body. Increase the accuracy of

(b)

navigation system. Reduce the targeting error by

Fig. 12. (a) Robotic system for cochlear implantation half its current value.
[70]; (b) device for automated insertion of the electrode

71).

It is also equipped with a flat-panel volume CT, a commercial planning software and an image-guided
control software. The system uses three markers that consist of infrared light reflecting spheres to
detect the pose of the tool tip via the stereo-optical navigation system, with an error less than
0.35mm. The objective of the tracking system is to get rid of robot absolute positioning errors. Five
fiducial markers are also attached on the patient for registration and motion tracking. The system
was tested on ten human cadaveric temporal bones, where nine out of ten (90%) procedures were
completed without complications. These tests indicated that the targeting mean deviation error
was about 0.5mm, essentially due to the calibration errors. In addition, a mechatronic device was
designed [71] for automated insertion of the electrode array within the inner ear (Fig. 12(b)). Other
systems similar to this one are proposed, for instance [74] [75].

The next robotic platform [76] will overcome the drawbacks of the previous system [73] by: i)
implementing a robot structure suitable for clinical applications, and ii) reducing the optical tracking
accuracy and the targeting error.

An experimental robotic system [76] [63] was also built at ARTORG center for a stereotactic

cochlear electrode implantation. A mechanical driller performs a 1.8 ~ 2mm tunnel from the surface
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Strengths: The robotic system is suitable for real-
istic clinical applications, especially for creating a
tunnel to the tympanic cavity. It also presents a
good optical tracking accuracy and targeting error.
Weaknesses: The system is not prepared for per-
forming the second phase of cholesteatoma surgery.
It is missing soft tissues cutting tool, bendable end-
effector, imaging tool for detecting cholesteatoma

and control software for guiding the robot during

the second phase.
Improvements: bendable ablation tool for removing

Fig. 13. Different components of ARTORG robotic soft tissues and imaging tool should be added. A

system: (A) robot arm; (B) surgical driller; (C) head  echatronics device for exchanging between tools

clamp; (D) optical tracking; (E) touch screen as the would be helpful.

interface to the planning software [76].

of the mastoid to reach the round window. Figure 13 shows the different components of the system.
The robot is a custom-built high resolution 5-DOF serial arm which is mounted on the operation
table thanks to its light weight (5.5kg). A high accuracy optical tracking system (< 0.05mm) is used
to register a pre-operative plan to the patient, and to control the tool position. A planning software
enables a semi-automatic segmentation of the mastoid bone, the surrounding critical anatomical
structures and the target ones. The planning software also automatically performs the fiducial
registration with a sub-millimetric accuracy (around 0.1mm) and guides the definition of a safe
trajectory. The patient’s head is fixed with a non-invasive head clamp and an optically tracked
dynamic reference base is attached to the patient to detect any small patient’s movement. During
the drilling stage, the system estimates the tool position continuously based on the relation between
the force applied by the driller and the bone density [77]. Additional safety algorithms are employed
to ensure a safe and effective drill path, such as monitoring the facial nerve to ensure its safety
during this stage [78]. The robotic system was tested on eight human heads and the experiments
showed a 0.18mm mean accuracy [79].

Furthermore, a study was conducted [80] [82] to perform a 1-DOF laser cochleostomy guided by
an OCT beam. The laser provides a clean cut on the bone with no significant thermal injury to the
surrounding tissue. Compared to the conventional surgical burrs, laser allows a contactless removal

of the bone tissue in the absence of any mechanical stress onto the fragile structures. It is also
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CO, laser

Bone

Beam

combiner///

S pertympn

Strengths: Proof of concept to perform a laser bone

Specimen

e 00y esbesm T removal guided by an OCT imaging system. The
system accuracy is good. Notable patient tracking
system by using OCT.

Weaknesses: The system setup has a big size and
it is difficult to use in real clinical applications. For
creating the tunnel to the tympanic cavity would
take too long by using laser, but it is good for
targeting small area with high accuracy.
Improvements: The laser and OCT tools should

be integrated into a bendable end-effector for

increasing the system dexterity.

Fig. 14. (a) Schematic diagram of conceptual setup
between the laser and the OCT [80]; (b) experimental
setup; where (1) CO; laser, (2) OCT, (3) beam com-
biner, (4) 6-DOF parallel platform [82].

considered to be safer for the patient by generating much less bone-debris and reducing the risk
of inflammatory tissue. In order to detect the remaining depth to be drilled, an OCT is located
coaxially to the laser tool. Figure 14 shows the system setup that is done to overlap the working
space of both systems (i.e., OCT and laser) with the help of beam combiner. This setup allows
also the control of laser ablation and the OCT scanning simultaneously: the laser pulses is guided
according to the thickness of the residual bone layer above the critical structure. During the whole
procedure, the patient may have a small displacement which affects the procedure accuracy. As a
consequence, a patient tracking system is important to localize the laser position with respect to
the patient’s position. For this reason, the OCT was used to track the round window by locating
small laser-ablated landmarks surrounding the latter. During ex-vivo experimental evaluation on

cadaver cochleas, the preliminary measurements in OCT scans indicated that the mean absolute
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Fig. 15. Microtable: (a) early design concept [83]; (b)
bone-attached parallel robot with preposition frame
(PPF) and automatic image-guided microstereotactic

(AIM) frame [84].

accuracy of tunnel shape was around 20um.

Strengths: The system provides good targeting
error. The bone attached robot eliminates all the
need to track patient’s movements.

Weaknesses: The system segmentation error is
quite high. Soft tissues ablation tool, diagnostic
imaging tool and bendable end-effector are missing.
It would be difficult to exchange between the
different tools with the current configuration.
Improvements: Add adequate tools for middle ear
surgery, as imaging, biopsy and soft tissue cutting
tools. Modify the current design to easily exchange

between the different tools.
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Another robotic system, called Microtable, was proposed in [83]. It is attached to the patient’s

head for executing cochleostomy. It has the advantage to eliminate the needs to track the patient’s

head. The Microtable is fabricated with a rapid prototyping technique and it is customized for

each patient based on the drilled trajectory. The construction of the template takes six minutes.

Afterwards the template is sterilized. The drilled trajectory is defined by a custom planning software

(Fig. 15(a)) which collects the pre-operative CT images for automatic segmentation with an accuracy

of approximately two voxels [87] (for an image resolution around 0.3 x 0.3 x 0.4mm?) and the mean

error to identify the temporal bone anatomy varies from 0.5mm to 0.3mm [88]. The software is also

used to optimize the linear trajectory. Phantom experiments showed a mean drilling accuracy at
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the target of 0.37 & 0.18mm. The same concept was extended to perform automatic percutaneous
cochlear implantations [84] with a parallel robot structure (Fig. 15(b)). It was also tested on a
phantom model and cadaver temporal bones, where the targeting errors are 0.2 + 0.07mm and

0.38mm, respectively.

2) Middle ear surgery: The robotic systems in [85] [86] are proposed for executing mastoidectomy.
These systems are equipped with a CT scanner and a planning software for segmentation of
anatomical structures and registration procedure. On the one hand, the system in [85] called
OTOBOT is composed of an industrial robot (Mitsubishi RV-3S) and a custom-built end-effector
to hold the surgical driller. In addition, optical markers are placed on the end-effector and on the
patient for measuring the instantaneous pose of the robot and that of the patient by using an optical
tracking system (Fig. 16(a)). The tracking system claimed a 0.25mm accuracy. The whole system

was tested on three cadaveric temporal bones, where the percentage of each removed volume were

Strengths: The bone-attached robot [86] does not

required optical tracking system.

Reference

comtinae - Weaknesses: Only the bone ablation tool is avail-

~ frames

able in both systems. The components of [85]
are not adapted to clinical applications and the
tracking error is relatively large. The system [86]

cannot manipulate tools within the middle ear

through the external ear canal.

» \ r 7 Improvements: Add soft tissues ablation tool for

Attachment
% = both systems. Reduce the size of optical marker of
A -

system [85] and the tracking error.

Fig. 16. (a) OTOBOT robotic system for mastoidec-
tomy [85]; (b) bone attached robot with the positioning
frame [86].
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97.7%, 99.99% and 96.05%, respectively. On the other hand, the system in [86] used another strategy
for proceeding to the operation. A custom-built 4-DOF serial robot attached to the temporal bone
with a positioning frame to eliminate the need of an optical tracking system (Fig. 16(b)). The

system showed a mean accuracy of 0.5mm on a phantom milling test.

Tracking Data Strengths: Significant kinematic structure for

p— RCM. Cooperative control for eliminating the hand
Feedback PC 1 for

System Control tremor.

~ Tradkiug Position & Weaknesses: The system does neither have soft

Orientation

ol tissues cutting tool nor cholesteatoma imaging tool.

Improvements: Add the required tools and a

mechatronics device for exchanging between tools.

Optical Tracker
(Certus) SDOF Surgical
Robot

Navigation Planning software is necessary to carry out auto-
matically the mastoidectomy.

Fig. 17. Configuration of robotic system mastoidec-

tomy [89].

Another image-guided robotic system [89] was proposed to perform mastoidectomy. A serial
robot is used and it has a special kinematic structure with 5-DOF (Fig. 17). This structure has
the objective to impose physical constraints on the surgical tool in order to respect the anatomical
constraints of the entry point (i.e., fulecrum point). The system is also composed of an optical tracker
and a navigation software. Such a software activates a warning mode when the driller approaches
the critical structures, such as the facial nerve. In practice, the safe margin was set to 3mm which
is relatively "large” with respect to the targeted application. In addition, the system provides the
surgeon with human-robot collaboration control for compensating the hand tremor.

A tele-operated prototype robot was proposed for carrying out a stapedectomy surgery through
the external ear canal. This assistant system is named RobOtol [91] [90] [92] and it is composed
of a slave robotic arm and a master joystick (Fig. 18). The system was initially designed for
using three arms simultaneously. Each arm has 6-DOF and its dimensions are optimized for the
middle ear surgery. The system main objective is to enhance the FOV provided to the surgeon
for performing more complex gestures. The surgeon moves the robotic arm via the joystick while
looking to middle ear structures by using either conventional otomicroscopy or a 4mm endoscope.

During the operation, the stapes bone is removed and a drilled hole of 0.5mm into the incus bone
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is done, afterwards the prosthesis is fixed carefully between the incus bone and the round window
of inner ear. The required force during the surgery varies between 0.7N to 3N.

Another tele-operated system for stapedectomy called Micromanipulator System (MMS-II) [93]
allows the surgeon for manipulating the standard surgical instruments within the middle ear. The
system is composed of a small manipulator with 4-DOF and a control console with two joysticks
(Fig. 19(a)). Its feature extends to measure the distance between the stapes and the incus for
deciding the required prosthesis length [94]. This is done by touching the two anatomical structures
using the micro-instrument, then the system calculates and visualizes their relative distance. An
alternative system, called Micro-Macro Telemanipulation System (MMTS) [95], was proposed to
enhance the workspace and the features of the MMS-II system (Fig. 19(b)). The system is composed

of a joystick console fixed on the operation table, a macro-manipulator arm (6-DOF with 1.6mm

Frume of the bice Strengths: Good tools for middle ear surgery, as

of the slave robot

micro-scissor or laser, driller and endoscope. Spe-
cific kinematic structure that allows manipulating
tools within the middle ear through the natural
orifice of the external ear canal. Tele-operated

robot allows eliminating the surgeon’s hand tremor.

s Weaknesses: The rigid tools are ideal to work in the
of the muster arm

middle region of tympanic cavity (atrium/meso-
tympanic) but they cannot reach the upper or
lower regions (attic/epitympanic recess or hypo-
tympanic) where cholesteatoma develops.

Improvements: The end-effector has to gain some
bending characteristics in order to reach the dif-
ferent regions of tympanic cavity and avoid critical
anatomical structures. Adding the possibility to get
into the middle ear through the temporal bone and
a planning software is needed. Adequate tool for

cholesteatoma ablation is also required, as well as

the control software for navigation and automated

Fig. 18. (a) Master-slave RobOtol surgical system, (b) guidance.

experimental setup of RobOtol [90].
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positioning accuracy) for large displacements, and robotic fingers that hold a tool adaptor. The
latter part was designed for gripping different tools, such as the MMS-II micro-manipulator for fine
movements, an endoscope or a driller. It is also equipped with four force sensors for measuring the
applied force at the instrument tip.

Similar to MMS-IT and MMTS, the Robotic Ear Nose and Throat Microsurgery System (REMS)
[96] was also proposed for manipulating standard rigid tool during an otolaryngologic procedure.
The previous systems are good for manipulating the standard surgical tools. However, these tools
are characterized by their rigidity which represents a challenging problem for the surgeon since it
is difficult to reach the lateral region within the middle ear cavity through small incision hole.

In order to circumvent this problem, the authors in [97] proposed a bendable endoscope to
visualize the cholesteatoma within the middle ear cavity. The original system was implemented for
eye surgery [98] [99]. The novel wrist consists of a nitinol tube with several asymmetric cutouts.
The tube can bend with the actuation of a single tendon, as well as translate along one axis and
rotate about its central axis. The outer diameter can be miniaturized below 2mm. A phantom model
of the middle ear cavity was fabricated by a 3D printer. The experimental work showed that the
proposed bendable endoscope increased the visibility of sinus tympani region by 74.16%, compared
with a straight endoscope.

The study of continuum robots (or bendable robotics) is a very vast and an active research
topic [100] [101] [102], notably throughout the last two decades. Therefore, an adequate bendable

tool for otologic surgery needs more investigation in this in the future.

IV. Guidelines for the required micro-robotic assisted cholesteatoma surgery

The previous sections presented the current state of otologic robotic systems, as well as the
ideal requirements for micro-robotic assisted cholesteatoma surgery. As a complement, this section
provides the guidelines for designing and implementing the required system based on the current

technology for eliminating efficiently the cholesteatoma cells.

A. Clinical

The required robotic system should extend the surgeon dexterity in confined spaces, as well as it
should be ergonomic for the surgeon. It should also offer an accurate diagnostic and reliable enough
for performing a minimally invasive surgery. The treatment outcomes should be increased: i) by

reducing the time, cost and hospitalization stay, and ii) by eliminating the second-look operation.
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Fig. 20. Comparison between the different imaging techniques [103].

The first priority during the design process of a surgical robotic system is the patient’s safety. As
a result, analyzing the risk that may happen is a crucial step during the design phase.

The residual cholesteatoma cells are the main problem during the surgery. Thus, it is needed to
remove completely these cells throughout the first surgery. The intra-operative imaging tools have
an important role to detect the residual cells which are smaller than 3mm. Fig. 20 shows that the
CT and MRI cannot satisfy the latter criteria, while the fluorescence imaging (confocal microscope)
has the best resolution compared to the others tools. A fibre-based fluorescence can also reach a
small external diameter. However, it provides real-time 2D imaging with only a few micro-meters
in depth. The ultrasound and OCT can provide a deeper view through the tissue. It is difficult
with the current technology to obtain a small ultrasound probe (i.e., its diameter is smaller than
Imm), while the OCT can easily reach a small diameter. Therefore, an optimal solution would be
to combine an OCT and fluorescence on the same fibre-optic in order to obtain a good resolution
with enough depth.

After the detection of residual cholesteatoma cells, the laser is a good ablation tool for burning
out these tiny cells. It also has the advantage to be integrated with a fibre-optic cable. Thereby,

the same cable could be used either an imaging or ablation tools.

B. Robotic Structure and Computer-Assisted Surgery

A surgical robotic system can generally be divided into two main parts: the robot structure and
the software assisting the surgeon. The latter is often named CAS (Computer-Assisted Surgery)
software and it is helpful to improve the ergonomics, the accuracy and the repeatability of a surgical

robotic system. The development of both aspects is essential for the improvement of these systems.
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EXterna'Tympanic
ear canal cavity

Manipulator  End-effector with
with 4-DOF more than 4-DOF

Fig. 21. Conceptual schema to demonstrate the required DOF for the manipulator and the end-effector.

There are many reviews [3] [104] [105] [106] [107] that present the historical development of surgical
robotic systems and describe their components. However, our description is originally focused with
the ear surgery in mind.

Robotic structure: The choice of the robot kinematic structure is an essential feature in order
to achieve the design requirements (TABLE III). A typical medical robot structure is composed
mainly of its manipulator and its end-effector.

The manipulator holds the end-effector and it offers a large (macro) displacement in order that
the surgeon could easily change the surgical tool location with respect to the patient’s head. It is also
beneficial that the surgeon could use the oto-microscope while the robot is executing the desired task
(e.g., RobOtol [90]). Beside that this special kinematic structure can perform the fulcrum effector
(or remote centre of motion). The authors in [108] reviewed these structures which are mechanically
constrained. However, these constrained motion can be achieved by a software controller, i.e., a
computer-assisted surgery interface [109] in order to release some constraints from the mechanical
design. Thereby, this controller can guide different robotic structures, such as ARTORG robot or
RobOtol system, to execute the proposed tunnel in Fig. 9. Consequently, the manipulator’s DOF
should be equal or greater than 4-DOF to enter through a fulcrum point.

DOFs of the end-effector: For a certain number of cases (less than 50% where the exact number
does not provided by the actual clinical database), the cholesteatoma cells are found in a convex
region as presented by the light orange region in Fig. 21. During such situation, an end-effector
with 3-DOF can reach all points within this convex region. However, there are some cases (more
than 50%) where the development region of the cholesteatoma cells is non-convex. This non-convex

region is formed by the unification of the light yellow region with the light orange one as depicted
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in Fig. 21. Consequently, the end-effector should have more than 4-DOF to reach all cholesteatoma
cells. Therefore, it is naturally to choose directly a end-effector with 4-DOF.

Computer-assisted surgery: The CAS software is mainly composed of proprioceptive and
exteroceptive sensors, controllers and a surgeon-robot interface. The proprioceptive sensors (e.g.,
joint sensors) collect data about the internal state of the robot, while the exteroceptive sensors
(e.g., CT [110], MRI [111], OCT [80] [42], ultrasound [112], camera(s) [113] and/or force sensor)
provide information about the external environment.

A low-level controller is used to convert a control pose/velocity from the task-space into the joint-
space. Beside that, a high-level controller would be helpful for performing more complex motion.
For instance, a task priority controller allows following precisely a reference path while maintaining
the RCM constraints [113]. Such a controller is beneficial for medical applications, especially during
the intra-operation of middle ear surgery. Despite that, the controller in [113] needs to be extended
in order to guide an ablation process while using a 3D imaging source (e.g., OCT or ultrasound)
and a bendable tool. By adding this feature, the intra-operative control software in the design
requirements (TABLE IV) is ready to be integrated with the other parts.

The surgeon-robot interface is valuable for the communication interface which helps the surgeon
to control the robot easily. All the previous components contribute to guide and track the robot
structure either in a semi-automated (cooperative) mode or in a fully automated mode. For both
modes, a planning software should be the first step before the intra-operative phase to accomplish
three functions: i) identifying the different anatomical structures from the MRI and/or CT pre-
operative images for creating a 3D surface model (Fig.22(a)), ii) optimizing the drilling trajectory
from the temporal bone surface to the tympanic cavity while avoiding the damage of critical
structures (curve planning), and iii) calibrating the robot initial position and orientation with
respect to the patient’s body (registration). On one side, the fully automated mode performs a
pre-programmed motion defined by the surgeon. On the other side, the semi-automated mode
cooperates with the surgeon in order to improve the surgery efficiency and it provides the surgeon

with a continuous control.

'2CamBar B1, Axios 3D GmbH, Germany. [online] http://www.axios3d.de/EN/medical/products/trackingsys/
cambarbl.html
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C. Safety and risk analysis

Safety occupies an important aspect for designing and working with a surgical robotic system
[3] [114] [115]. Indeed, there is not a method that guarantees safety with zero risk. Consequently,
a comprehensive study is required to define the potential hazard that could be produced by the
robot on the patient and the surgical staff, as [116] [117]. Hardware and software protections are
also needed for avoiding undesired system failure or sudden robot movements, and pulling out the
robot easily in such situations. In addition, the robotic system should be bendable and dexterous for
avoiding the critical structures within the middle ear cavity. Another important features in safety
are biocompatibility and sterilization of robot parts that are in contact with the patient’s body.
Lastly, the imaging system has an important impact on safety. The image quality contributes to
construct an accurate 3D surface model of patient’s anatomy, to detect the disease location and to
guide the robot. The use of images globally increases the performances, including safety, but any
error in the image exploitation may create a risk to the patient. Therefore, a specific risk analysis

must be performed on that topic.

D. Targeted Robotic Concept for Middle Ear Surgery

A first prototype was fabricated based on the model proposed in [97]. This reproduction from the
literature allows a better understanding of the mathematical model. The prototype is composed of
a bendable tube of Nitinol, as shown in Fig.22(b). This tube has rectangular cutouts in order to
make the tube deflect easily from one side. This deflection motion is actuated by a cable. When
the cable force is realised, the tube returns to its initial form. Additional rotation about the tube
axis is possible.

Such a first prototype is relatively simple for fabrication compared to other actuation types, for
instance SMA (Shape Memory Alloy) [118] [119] and EAP (Electro-Active Polymers) [120] [121].
However, the measured deflection angle during the experiments was small (around 42°) compared
to the required one (around 270°). Thereby, a new concept was proposed as depicted in Fig. 22(c).
This concept makes a two stages micro-tool. The first stage is a cable-driven bendable tube which
has new triangular cutouts in order to increase the deflection angle. The second stage could be
actuated either by an EAP or a magnetic field. However, the integration of additional actuation

sources with the micro-tool is challenging and it requires more detailed study.
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V. Conclusion

As far as we known, there is no robotic system that is capable to perform the cholesteatoma surgery.
Therefore, this review showed the interdisciplinary research topics which aim for implementing an
efficient and reliable assisted micro-robotic system dedicated to cholesteatoma surgery.

On the clinical side, the review begun by a detailed information about the cholesteatoma disease,
its diagnostics, as well as its treatment which is a surgical procedure. Based on this analysis, it is
required to investigate in the diagnostics imaging technique which is applicable during the intra-
operative phase. Such an imaging technique is very helpful to detect the residual cholesteatoma
cells. Besides that, it is required to study in details the safety of the new clinical protocol on the
patient and the surgical staff. It is also needed to go further for the estimation of the required
accuracy, velocity and forces.

On the engineering side, the miniaturization issue is a large scientific and technical challenge,
especially in a tiny workspace as the middle ear cavity. As a result, the review showed the different
robotic system dedicated to the inner ear and the middle ear cavity. These systems are summarized
in TABLE VI. Briefly, the new robotic system should be ergonomic and overcome the rigidity
problem by designing bendable micro-tools. Such quickly exchangeable bendable tools provide various
functions in order to alternate between the ablation task (i.e., the hard tissues during the tunnel
drilling and the soft tissues during the cholesteatoma excision) and the imaging task (i.e., scan
the surrounding environment, search for the cholesteatoma cells and guide the excision process). A
good and safe control strategy of the tool tip with a high accuracy and dexterity are also needed
for increasing the visibility within the middle ear cavity. Finally, a clinical study should be done to

prove the system performances.
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Fig. 19. (a) Master-slave MMS-II surgical system with forceps tool [93]; (b) master-slave MMTS surgical system,
where (1) joystick console, (2) energy supply, (3) MMS, (4) active gripping adapter, (5) carrier robot, (6) patient
phantom, (7) OR-table.
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Robot data

« Macro-manipulator:

large workspace
(around 1000mm x 1000mm x 500mm),

range (around 500mm),

¢ bendable micro-end-effector:

actuation type (tendon-driven, smart material or magnetic field),
small workspace (around 5 x 15 x 15mm3, Fig. 21),
range (15mm),

number of segments (2),

hollow segments,

outer diameter (0.5 — 2mm [47] [97]),

length (> 30mm [76] [97]),

bending radius (< 3mm),

bending angle (> 90° [97]),

resolution (< 0.02mm [90]),

force (< 5N [90]),

payload (few grams)

e Modelling and control

adaptability to patient variability and safety

accuracy (100% of the above characteristics) and response time (< 0.1 second)

o Fabrication

bio-compatibility, environmentally friendly and low cost

TABLE III

Summary of the robot data.
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CAS data

o exteroceptive sensors
— optical tracking with accuracy (around 0.05mm 12)
— micro-fiber-optic imaging probe:
* resolution (< 10m Fig. 20),
« depth (> lmm),
x FOV (around 90° [97]),

* frequency of image acquisition (around 30Hz [97])
e Pre-operative planning software

— segmentation: yes (semi or fully automated),

— 3D reconstruction of anatomical structures: yes,

registration: accuracy (< 0.2mm [63]),

— access tunnel and ablation path planning: yes
« Intra-operative control software
— real-time navigation control

e Surgeon-robot interface: interface software, simulator, co-manipulation (hand tremor, semi-

automated), fully automated, virtual reality and learning

TABLE IV
Summary of CAS data.
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Risk analysis (risk level, risk impact)
« robot structure

— access to some anatomical locations may be infeasible due to insufficient DOF of the micro-
robotic tool (low level, medium impact)

— the required bending angle or radius of curvature is very high to reach the entire workspace
(low level, medium impact)

— pull out the robot from the patient body in case of system failure without damaging critical

structures (low level, high impact)
o CAS software

— critical structures are not visible in available image data due to factors such as insufficient
contrast or spatial resolution (medium level, medium impact)

— unable to plan a safe trajectory due to space between critical anatomy with the required drill
diameter (low level, high impact)

— accuracy of the robotic system is insufficient (low level, high impact)

— insufficient image quality for accurate image guidance (medium level, high impact)

TABLE V

Primary risk analysis.
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Summary of surgical robotic systems. The abbreviations stand for: Kinematic structure (Serial/Parallel/Special

Structure), Actuation source (Passive/Active), Rigid tool (Straight/Curved), Bendable tool (Continuous/Discrete),

Actuation type (Magnetic/Cable-Driven/Concentric Tube), Tool type (Driller/Forces/Electrode/Laser),

Proprioceptive sensor (Joint Sensors/Force Sensor), Extroceptive sensor (Stereo-Camera/Endoscope/Standard

Otomicroscope), Degree of Autonomy (Co-Operative/Semi Automated/Fully Automated)

No. Robot structure CAS software ° 'S g B
Previous works Applications Status Robot’s manipulator Robot’s end-effector ? g § g
] 3 =
.. | £ g =215 2 ¢ . g £ £z
22|73 2 s|121813| =282 & & & 5
S22 ? S (A1l 2|82 2]| 2 8 8 °
o 2 SIS
a Z | A
1 [68] Stapedectomy Prototype - - - S - - - 4 D FS - cOo
2 [61] Stapedectomy Prototype - - - S|-1- - - - - 4 D FS - co
B [66] Cochleostomy Prototype S - P S|-|-1- - - Vv D FS - FA
4 [67] Cochleostomy Prototype S/P | 6 A S1-11-1- - -V - v D - - SA
(Hannover Univ., Germany)
B [73] Cochleostomy Prototype S 6 A === - o - VIV Vv D/E - CT/SC | SA
Microtable (Vanderbilt Univ.,
6 USA) [84] Cochleostomy Prototype P 6 A - - - - - B IRVAN IRVAN BRV4 D/E - CcT SA
Otobot (Vanderbilt Univ.,
7 USA) [85] Mastoidectomy Prototype S 6 A S |- |- - - BN IRVAN IRVAN V4 D - CT/SC | SA
(Hanyang Univ., South
8 Korea) [89] Mastoidectomy Prototype SS 5 A S|1-|-1- - B IRVAN IRVAN BV4 D - CT/SC | CO
MMS (TUM, Germany)
9 [94] Stapedectomy Prototype S 4 P S{-|- - - - - - - D/F/E FS - CcO
RobOtol (IRIS, France)
10 [92] Stapedectomy Experimental [ SS | 6 A Sl1-1-1- - - - - - D/F - SO cO
11 [64] Cochleostomy Prototype - - - -|Ccl 1] 2 M - - - 4 E FS - SA
MMTS (TUM, Germany)
12 [95] Stapedectomy Prototype 6 S|-1- - - - - - - D/F - - CcO
13 [65] Cochleostomy Prototype I 6 A - -1 - - - - - - 4 E FS - SA
(Vanderbilt Univ., USA)
14 86] Mastoidectomy Prototype P |6 A Sl-1-1- - -l VIV V D - cT SA
(KIT, Germany)
15 [82] Cochleostomy Prototype - - P - -1 - - - - - - Vv L - OoCT SA
Da Vinci (JHU, USA) Mastoidectomy
16 [69] electrode insertion | Experimental S - A -l -] - - - VIV] VY D/E JS/FS | CT/E | CO
(ARTORG, Swiss)
17 [63] Cochleostomy Experimental S 5 A S| -1-1- - N IRVAN IRVAN V4 D JS/FS | CT/SC | SA
(Vanderbilt Univ., USA)
18 [97] Cholesteatoma Prototype - - - -|]C|l1|3|[CD]| - - - v - - E FA




