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Résumé

Les récentes avancées en matiére de robotique médicale ont permis de voir I’émergence
de robots dans les blocs opératoires pour aider les chirurgiens a accomplir des taches
de plus en plus complexes. En particulier, des systémes robotisés développés pour la
chirurgie du rachis permettent de placer automatiquement un guide de pergage au-dessus
du patient (& ’aide de scanners pré et/ou peropératoire). Cependant, la tache de pergage
de la colonne vertébrale (via les pédicules), nécessaire pour la pose d’implants, est délicate
et encore aujourd’hui réalisée par le chirurgien. Cette tache n’est pas encore robotisée
car le robot n’a possibilité de valider en temps réel que I'instrument est correctement

positionné par rapport a la vertébre.

Les travaux présentés dans cette thése cherche & investiguer la possibilité d’augmenter
le niveau d’automatisation de la pose de vis pédiculaires en intégrant des moyens de
mesure adaptés. Plus précisément, nous avons utilisé la mesure d’impédance électrique
des tissus osseux pour développer un algorithme de détection de bréche osseuse. Ce
dernier permet d’arréter immédiatement le percage & I’approche de la moelle épiniére ou

d’autre tissus mous.

Puisque la tache de percage nécessite ’application d’une force sur le corps du patient
qui est déformable, nous avons aussi travaillé sur des algorithmes de controle-commande.
Un contréleur en force a été développé dans le but de suivre automatiquement les dé-
placements du patient tout en réalisant la tache de percage. Un signal de pseudo-force,
construit & partir des mesures de position du robot, a été utilisé dans la boucle de rétroac-
tion pour réguler de fagon robuste la force d’interaction appliquée a 1’os par le controleur

en impédance présent dans le robot.

Une étude de stabilité, des simulations, ainsi que des résultats expérimentaux ont
montré la supériorité de notre approche en terme de stabilité aux incertitudes liés a

I’environnement, par rapport aux méthodes conventionnelles utilisant un capteur d’effort.

Des expériences de pergage ont été réalisées ex-vivo sur des vertébres d’agneaux
pour étalonner nos algorithmes. Suite & une étude quantitative réalisée sur ces vertébres
ex-vivo, la méthode a aussi été validée in-vivo lors d’une expérience sur cochon vivant.
Les résultats obtenus démontrent que le contréleur ainsi que l’algorithme de détection
de bréche pourrait permettre d’améliorer la sécurité des opérations du rachis assistés par

robot.

Mots clés: Robotique chirurgicale, Chirurgie rachidienne, Impédance électrique,

Commande en force.



Abstract

In recent years, advancements in medical robotics have led to the emergence of robots
in the operating room to assist surgeons in performing complex surgical tasks. In par-
ticular, robots used for robotic-assisted spine surgery are currently employed to position
physical guides thanks to pre-operative planning and per-operative image-based regis-
tration. However, the risky task of drilling the pedicles to insert screw implants is still
left entirely to the surgeon alone. One of the main reasons is that there is no way for
the robot to validate, through a direct real-time measure, the correct positioning of the

instrument tip with respect to the bone.

In this context, the work of this thesis investigates the possibility of pushing fur-
ther the robotic assistance in spine surgery, towards automatic gesture execution, by
integrating adequate sensory feedback. More specifically, we consider the measurements
of the bony tissue bio-electrical impedance during drilling. The focus has been put on
developing an algorithm able to detect a bone breach to immediately stop the robot and

prevent damaging the spine or any other surrounding soft tissues.

Since bone drilling during spine surgery is a task that involves force application
on a moving rigid body, we also worked on force control. A force controller has been
developed to track the patient’s motion while performing the drilling automatically. A
pseudo-force signal, built from the position measurements, was used as feedback above an
inner impedance controller to regulate robustly the interaction force applied to the bone.
A stability analysis, simulations, and experimental results show improved experimental
robustness to environment dynamics uncertainties, as compared to conventional sensor-

based force feedback.

Bone drilling experiments have been performed ez-vivo on lamb vertebrae to test and
tune the algorithms. In addition to a successful quantitative ex-vivo study, the approach
was also validated in-vivo on a pig model. The obtained results demonstrated that the
developed controller and bone breach detection offer plausible perspectives to improve

safety in robotically-assisted spine surgery.

Keywords: Surgical Robotics, Spine Surgery, Electrical Impedance, Force Control.
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Over the past decades, there has been a significant interest in using robots for surgical

applications. This thesis mainly focuses on robotic assistance for spine surgery.

The first robotic assistance for spine surgery started to be developed in the 1990s
[Sautot et al., 1992]. Due to the high risks of operating close to the spinal cord, sur-
geons looked for intelligent systems to help them perform complex procedures with more
precision and reliability. Among those, pedicle screw placement, which is the procedure
of interest in this thesis, is used on various spine symptoms such as deformities (i.e.,

scoliosis), infections, or fractures.



2 Context & objectives

Thanks to significant advancements in medical robotics [Troccaz, 2013, spine robots
are now available on the market and provide assistance. However, as for many surgical
applications, robotic functions are limited to positioning a tool with respect to the pa-
tient by means of pre-operative planning and per-operative registration. In that sense,
clinically available robots are mostly viewed as peripherals for navigation systems and
do not exploit any advanced robot control feature. This thesis aims to explore alterna-
tive robot control approaches to bring advanced functions and improved safety to the

operating room (OR).

The following sections present the clinical background along with the main challenges
related to spine surgery, the devices currently available on the market, and the proposed

contributions to improving robotic-assisted pedicle screw placement.

1.1 Clinical context

1.1.1 Anatomy of the spine

The spinal column comprises a set of bones (vertebrae), discs, and ligaments. The human
spine contains 32 to 34 vertebrae: seven cervical (C1 to C7), twelve thoracic (T1 to T12),
five lumbar (L1 to L5), five forming the Sacrum, and three to five in the Coccyx (Figure
1.1). Flexible intervertebral discs separate each vertebra, mainly constituted of water

and collagen, giving mobility to the entire spine.

Posterior Lateral Anterior

Cervical

Thoracic

Lumbar

Sacrum
& Coccyx

FIGURE 1.1: Anatomy of the spine. Vertebrae in yellow, disks in blue.
Ilustration adapted from Servier Medical Art under CC attribution license 3.0.
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The anatomy of the vertebrae varies in shape and size depending on the level (cer-
vical, thoracic or lumbar). Still, all possess the same elemental parts: a vertebral body,
two transverse processes, one spinous process separated by the laminas, and two pedicles
(Figure 1.2). Together they shape the spinal canal protecting the spinal cord running

from the head down to the Sacrum.

Spinous process

Lamina Pedicle

Pedicle

- 3

Top view Posterior view

FIGURE 1.2: Anatomy of a lumbar vertebra.
Mlustration adapted from [Thompson, 2010].

The bone structure itself is also variable inside a vertebra and evolves with time. The
bone surface, called the cortical bone, is much more dense and strong than the spongious
(or cancellous) bone. Figure 1.3 shows the difference between these two bone layers on

a lumbar vertebra.

Cancellous bone
(spongious)

Cortical bone

FIGURE 1.3: Cortical and spongious bone in a lumbar vertebra.
Mlustration adapted from [Thompson, 2010].
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1.1.2 Pedicle screw placement

Several procedures in spine surgery, e.g., scoliosis correction, require inserting screws in
vertebrae to immobilize two or more of them together with metallic rods. The pedicles
are the strongest accessible parts of the vertebral arch via a posterior approach (from
the back). These narrow spaces are used to insert so-called pedicle screws, as illustrated

in Figure 1.4, with appropriate stability.

Pedicles

FIGURE 1.4: Top view of a lumbar vertebra with two pedicle screws inserted.

Depending on the patient’s anatomy, the width of the pedicles varies from up to
18mm down to 3.5mm for thoracic and lumbar vertebrae [Lien et al., 2007]. The diameter
of the screws inserted can be chosen with respect to the estimated pedicle width from pre-
operative images. Surgeons tend to select the largest possible screw so that its threads
can be fixed in the cortical layers of the pedicle. However, if chosen too large, they
may damage the vertebra. The optimal diameter is around 80% of the available width
according to [Solitro et al., 2019]. The screw length can also be customized to maximize

the screw purchase for optimizing fixation [Karami et al., 2015].

Inserting screws in this tight spot of the bone is a major issue in spine surgery.
Indeed, as shown in Figure 1.2, pedicles are in close proximity to critical anatomical
regions (i.e., spinal cord and nerves), so misplaced screws can induce severe complications
to the patient |Lonstein et al., 1999]. Meanwhile, estimating the correct position and

orientation of the screw is quite challenging.

1.2 Non-assisted procedure

During the free-handed procedure, the surgeon drills a pre-hole before inserting the screw.

This non-assisted medical procedure is made of three different tasks:
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1. A bone awl (Figure 1.5), or a burr, is used to penetrate the outer cortical layer,

resulting in a small hole called the entry point.

4=£F=====:f7 —

FIGURE 1.5: Bone awl.

2. A pedicle probe (Figure 1.6) is used to dig a path for the screw through the pedicle

down to the outer cortical bone of the vertebral body.

(A) Straight probe (B) Curved probe

FIGURE 1.6: Available pedicle probe form factors.

3. The integrity of the path is checked with a ball-tip feeler (Figure 1.7) to make sure

there are no bone breaches, either medial or lateral.

FIGURE 1.7: Ball-tip feeler (or tester).

The edges at the tip of the probe allow for cutting the bone via a back-and-forth
rotating motion coupled with an axial thrust force. This, depending on the patient’s
anatomy, can require a significant amount of force. The curved version of the probe
(Figure 1.6B) simplifies the path’s redirection and leads to lesser medial breaches [Espejo,
2006; Pithwa and Venkatesh, 2014].

To better understand the surgical site, X-ray images of the patient are usually taken
prior to the operation. Looking at the images, like the ones in Figure 1.8, the clinical
staff can plan in advance the position, the diameter, and the length of the screws with

respect to the patient’s anatomy.

lyww.hss. edu/images/articles/eos-imaging-scoliosis-2d-anteroposterior-lateral-views
-3d-anteroposterior-view. jpg


www.hss.edu/images/articles/eos-imaging-scoliosis-2d-anteroposterior-lateral-views-3d-anteroposterior-view.jpg
www.hss.edu/images/articles/eos-imaging-scoliosis-2d-anteroposterior-lateral-views-3d-anteroposterior-view.jpg
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FIGURE 1.8: EOS images of a patient with scoliosis: 2D anteroposterior (frontal) and
lateral (outer side) X-ray views!.

The major difficulty with the manual procedure is that the precise location of the
tip of the instrument with respect to the pedicle is hard to estimate during the surgery.
The pre-operative scan is only a one-time photograph of the patient and is usually taken
in a standing or sitting position, whereas during surgery, patients are placed in the prone
position (lying down, dorsal side up). Moreover, the spine being relatively deformable
thanks to the articulations of the vertebral disks, this shot can differ from the reality
of the operating theater. Visual estimation of the desired screw orientation is difficult

because only a tiny part of the bone is visible (see Figure 1.9).

F1GURE 1.9: Posterior approach for a scoliosis correction shows only the upper parts
of the whole vertebrae.
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1.3 Intra-operative navigation and guidance

Free-handed positioning of pedicle screws can lead to low accuracy, and thus some mis-
placed pedicle screws. For instance, a 5-year study on 116 patients at the Skane Univer-
sity Hospital in Sweden reported an average of 14% of misplaced screws for the conven-
tional non-assisted pedicle screw placement in idiopathic scoliosis surgery [Abul-Kasim
and Ohlin, 2011].

Several solutions emerged in the last few years to assist practicians with complex
spine surgeries [Shweikeh et al., 2014; Khalsa et al., 2021]. The proposed solutions
described hereafter can be classified into four different groups: imaging, navigation,

robotic guidance, and tissue sensing systems.

1.3.1 Imaging systems

Intra-operative medical imaging systems can be used to evaluate a tool or a screw’s posi-
tion in the patient during surgery. Two modalities are available for clinicians, computed
tomography (CT) or fluoroscopy. Both rely on X-ray radiations. Fluoroscopy gives a
less precise picture than CT but can be retrieved in real-time. Those types of equipment
come in the form of an O-arm or a C-arm, as shown in Figure 1.10, and can either provide
2D or 3D imaging. The O-arm systems appear to be more accurate for pedicle screw
placement but require a longer preparation time and a higher radiation exposure than
the C-arms [Liu et al., 2017; Feng et al., 2020; Sans Merce, M. et al., 2020]. This is due
to the fact that the conventional C-arm systems mainly provide two-dimensional fluoro-
scopic images. In contrast, the O-arm technology can offer real-time three-dimensional

surgical imaging.

- @
. 1
—
4 I
7
— e y —
(B) C-arm®

F1GURE 1.10: Example of X-ray-based per-operative imaging systems.
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Both imaging technologies (CT, fluoroscopy) use ionizing radiation to create images
of the body. These radiations have enough energy to potentially cause damage to DNA
and may elevate the risk of developing cancer. Reducing the patient’s exposure to ra-
diation is thus important as the dose can be quite significant during surgery, depending
on the system used. The dose received by surgeons is also of great concern [Bratschitsch
et al., 2019] as the cumulative radiation exposure of a spine surgeon during a working

life can reach a dangerous value in the long run.

Some recent works on non-ionizing imaging technologies, such as ultrasound and
magnetic resonance imaging (MRI), have great potential and could provide new X-ray-
free approaches to spine surgery. For instance, deep-learning techniques applied to MRI
images have shown to be able to generate synthetic CT images of the spine [Staartjes
et al., 2021]. In spine surgery, ultrasound imaging is still most often employed as an aid
for procedures involving injection or the introduction of needles [Ahmed et al., 2018].
Although its use for spine surgery has fallen out of favor, ultrasound could be helpful
in several surgical scenarios [Vasudeva et al., 2017|. Recent works [Zhou et al., 2020; Li
et al., 2021| tend to modernize its practice for a future robotic application of ultrasound

for minimally-invasive spine interventions.

1.3.2 Navigation systems

To reduce the number of radiations used during surgery, imaging systems have been
coupled to marker-based optical tracking devices to provide a real-time estimation of
the tool position. These combined devices, commonly called navigation systems, can
superpose the image of a virtual instrument on a pre-operative or intra-operative scan.
This is done so that the surgeon can see a visual feedback of the instrument’s position
inside the patient on a screen, like shown in Figure 1.11, or now even in a Virtual or
Augmented Reality (VR or AR) environment |[Miiller et al., 2020].

Most navigation systems rely on reflective marker clusters fixed on the tool and
on a distinctive anatomical part of the patient’s spine. The marker fiducials are then
tracked with multiple infrared cameras. To minimize registration errors, the patient
marker is usually placed on an adjacent vertebra to the currently drilled one. Moreover,
many of the available systems provide a planning software enabling the surgeon to plan
in advance the desired size, length, and position of the screws from pre-operative 3D
images of the patient, as shown in Figure 1.12. However, frequent criticism arose from

the surgical community against navigation platforms’ cost and installation duration.

’https://news.medtronic.com/0-Arm-2D-3D- Imaging-System
3https://www.gehealthcare.fr/products/interventional-image-guided-systems/igs-for-h
ybrid-or/discovery-igs-7


https://news.medtronic.com/O-Arm-2D-3D-Imaging-System
https://www.gehealthcare.fr/products/interventional-image-guided-systems/igs-for-hybrid-or/discovery-igs-7
https://www.gehealthcare.fr/products/interventional-image-guided-systems/igs-for-hybrid-or/discovery-igs-7
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A BRAINLAB

FIGURE 1.11: [Kantelhardt et al., 2014] Brainlab’s Kolibri navigation system. (A)

intraoperative setup, featuring a stereo camera, which simultaneously tracks the

reference-marker array (red lines) and a registered drill guide (green lines). (B) The

navigation-system screen displays the current position of a tracked instrument on sagit-
tal, axial, and in-line view reconstructions of the pre-operative CT.

Indeed, their use is relatively recent since only 3.3% of spine surgeries were navigated
in the United States in 2014 [Kelley et al., 2021]. With the technologies improving,
computer-assisted navigation utilization is increasing, but further innovation is necessary

to improve performance and cost-effectiveness [Rawicki et al., 2021].

Navigation systems can not yet display images acquired in real-time since the radia-
tion dose would be too high. However, recent research studies show that live ultrasound

guidance for spine surgery is under development |Zettinig et al., 2017].

E—"

FIGURE 1.12: [Kochanski et al., 2019] Preoperative planning for screw trajectories
based on preoperative CT scan.
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1.3.3 Robotic guidance

Navigation systems have been associated with robotic arms to provide physical gesture
guidance. The arm is only used in order to maintain a drill guide rigidly along the
surgeon’s preplanned trajectory, right above the patient (Figure 1.13). The surgeon
then only has to drill through the guide without having to look for the entrypoint and
orientation. Still, nothing controls the depth of insertion of the drilling. Although, the

surgeon can get an estimation thanks to the navigation’s system visual feedback.

FIGURE 1.13: Robotically-assisted minimally invasive pedicle screw placement [Farber
et al., 2021].

Many spine robots are available for clinical use, such as the Mazor X Stealth Edition?,
the ROSA ONE Spine from Zimmer Biomet®, or the Cirq robot from Brainlab®. All
these robots place a guide thanks to a navigation system. Additional features (patient
tracking, intra-operative CT, rod-bending, etc.) vary from one system to the other.
Overall, the goal of these robotic systems is to reduce human errors, operative time, and
radiation exposure compared to when using a navigation system alone. Also, this allows

the surgeon to focus on the drilling action. Using robotic systems offers several other

“www.medtronic.com/us-en/healthcare-professionals/products/spinal-orthopaedic/spine

-robotics/mazor-x-stealth-edition.html
Swww.zimmerbiomet.lat/en/medical-professionals/robotic-solutions/rosa-spine.html
Swww.brainlab.com/surgery-products/digital-spine-surgery/cirq-robotics-spinal/


www.medtronic.com/us-en/healthcare-professionals/products/spinal-orthopaedic/spine-robotics/mazor-x-stealth-edition.html
www.medtronic.com/us-en/healthcare-professionals/products/spinal-orthopaedic/spine-robotics/mazor-x-stealth-edition.html
www.zimmerbiomet.lat/en/medical-professionals/robotic-solutions/rosa-spine.html
www.brainlab.com/surgery-products/digital-spine-surgery/cirq-robotics-spinal/
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benefits, including eliminating hand tremors, reducing surgeon fatigue, and decreasing

incision size thanks to minimally-invasive capabilities.

Unfortunately, even with rigid, powerful robots, errors may still happen since the
surgeon cannot know for sure what is the real position of the tool inside the patient’s

vertebra. Here is a non-exhaustive list of issues that can lead to positioning errors:

e the patient model coming from the pre-operative scan differs from the real live

model in the operating room since the spine is flexible.
e the registration between the scan and the patient markers contains errors
e the camera sensors have errors
e the markers calibration contains errors

e the patient’s breathing during anesthesia can induce a motion of the spine up to

2mm for thoracic vertebrae |Liu et al., 2016].

e the markers on the tool or the patient can be occluded, leading to a wrong real-time

visualization in the augmented images.

These errors can be accumulated and may quickly induce a screw tip positioning error

of a few millimeters [Arico, 2020].

1.3.4 Local tissue sensing technologies

To consider the previously stated issues, many research laboratories and companies are
working toward finding alternatives to X-ray-based guidance for orthopedic surgery. The

research seen in the literature can be grouped into two different approaches.

The first approach consists in using non-radiative imaging modalities that could be
used for real-time navigation in spine surgery, such as ultrasound ([Zhang et al., 2021])
or Optical Coherence Tomography (OCT) (|Zaffino et al., 2020]) to improve the live

estimation of the tool’s position with respect to the patient anatomy.

Another approach taken in this thesis consists in, rather than estimating a position,
focusing on providing local real-time tissue characterization that can be used as infor-
mation by the surgeon or the robot controlling the instrument. This utterly different
methodology consists of trying to differentiate the type of tissue currently drilled by
embedding sensors in spine surgery instruments. Then, this knowledge can be used for

detecting and stopping errors happening during the procedure, like a bone breakthrough.
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The first development of bone breakthrough detection for orthopedics surgery used
the derivative of the thrust force to stop drillings on femurs [Allotta et al., 1996]. Auto-
matic bone drilling is now an active research field with several contributions using a wide

variety of signals, such as sound, electrical or mechanical impedance, or spectroscopy.

1.3.4.1 Mechanical impedance

The outer bone layer, also known as the cortical bone, is usually harder than the inner
spongious bone. Thus, the mechanical energy required for drilling, or inserting a screw,
increases when approaching the outer bone layers, and decreases when breaching out
of a vertebra. Several state-of-the-art articles use an image of the mechanical bone
impedance (or hardness) obtained from thrust force, cutting torque, or associated energy

to distinguish between the different bone drilling states.

Thrust force

e While controlling the feed rate at 0.5 mm.s~! with a 6-DoF robot, [Tian et al., 2014]
used thresholding on the thrust force error to automatically stop pedicle drillings

on sheep lumbar vertebrae. This required the use of a dedicated F /T sensor.

e [Accini et al., 2016] limited the thrust force thanks to an admittance-based control
scheme and a force saturation. Although a significant drawback of the admittance
approach is that the tool velocity increases outside the cortical walls, their con-
troller succeeded in stopping on several animal ex-vivo drillings thanks to a simple

threshold on the position error derivative.

e Using load cells, [Vadala et al., 2020| estimated the mechanical impedance from
force and speed measurements on human lumbar vertebrae experiments and com-
pared its variations to those of the bone mineral density. Several limitations have
been exposed. More perforations need to be performed in future studies, as well

as stopping experiments.

Cutting torque & force

e [Sui et al., 2014] proposed a 3-phase model of the thrust force and cutting torque
signal for bovine cortical bone drilling. Experiments show the validity of the model,

but none exploit it for automatic breach detection.
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e With data fusion, [Torun and Oztiirk, 2020] proposed a successful machine-learning
approach using KNN fed with motor (current, power) and robot (force, feed rate)
signals to identify between 9 different bone drilling states (see Figure 1.14) with a
99% accuracy.

i

FIGURE 1.14: 4-class and 9-class drill bit state approaches [Torun and Oztiirk, 2020].

e |Ho et al., 2018] proposed a novel removal energy density signal based on motor
current, rotation speed, drill bit radius, and feed rate. This method has the advan-
tage of taking into account the drilling parameters and thus simplifies the detection
threshold tuning. However, no experiment using the energy to stop the drilling has

been shown.

The recent studies using both force and torque sensing show good performance re-
sults. This indicates that it is a viable approach to be investigated for autonomous
spine drilling. A drawback is that adding a force and torque sensor to a robot is quite

expensive.

1.3.4.2 Contact and sound vibrations

Some research groups tackled tissue differentiation with airborne or contact vibration

signals to detect bone density variations during drillings.

Sound

e [Sun et al., 2014| demonstrated that basic signal processing could discriminate
cortical and cancellous bone tissue by analyzing the power spectral density. But
the recognition rate presented is 88% for an experiment and 65% for another.

Moreover, the sounds were not recorded in a real complex clinical environment.
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e Another study (|Zakeri and Hodgson, 2017]) used short-time Fourier transform and

SVM machine learning algorithms and showed a promising performance of 83%.

e In [Torun et al., 2018] is studied a novel method with feature extraction from power
spectral density. The total time required to detect a breakthrough is around 0.6s

but was not tested on real bone tissue.

Vibro-acoustic  [Seibold et al., 2021| reported self-made shielded piezo contact mi-
crophones to be sufficiently sensitive to detect the cancellous, cortical bone drilling as
well as the breakthrough event (transition from cortical to cancellous bone). Their pro-
posed deep learning architecture used the acoustic signals captured on human cadaveric
hip samples as an input for a ResNet18 network and showed a breakthrough detection
sensitivity of 93.64%.

Several studies proposed to capture acoustic signals using different types of microphones
or sound recorders. These works are pretty recent and promising but are not mature
enough to be used in pedicle drilling yet. The main advantage of vibration sensing is
that the sensors do not have to be inside the drill bit and are much cheaper than force or
torque sensors. On the other hand, these methods have not been tested in real clinical
environments yet, which are usually quite noisy because of the different machines used in
the operating room. Similarly, many potential sources of vibrations and contacts could

impact the system.

1.3.4.3 Diffuse reflectance spectroscopy (DRS)

Diffuse reflectance spectroscopy is a non-invasive technique used to study tissues’ spectral
characteristics. It consists in measuring the reflectance spectrum of light when it interacts

with a medium.

In [Burstrom et al., 2019]|, Burstrom and Swamy inserted a fiber optic into a pedicle
screwdriver to analyze the reflectance spectrum in cancellous, pre-cortical, and cortical,
as well as after breach, in the wavelength range of 400-1600 nm. By classifying tissues
by their percentage of fat, blood, and collagen for each bone phase, they managed to
reliably identify the area of transition from cancellous to cortical with a sensitivity of
98-99% and a specificity of 98-99% on a 6-cadavers study. The method was also validated

on a live porcine model [Swamy et al., 2020| with various probe-handling conditions.

The results of these works are promising as obtained on actual ex-vivo human and

live porcine pedicle drillings. Nonetheless, a quantitative study showing automatic stops



1.3. Intra-operative navigation and guidance 15

at the bone interface still needs to be performed. Also, it is not clear yet if this technology

could be used in real-time in continuous drillings to prevent breaches.

1.3.4.4 Electrical bio-impedance (EBI)

Electrical bio-impedance, which is the signal of interest in this thesis, is the tissues’
electrical resistivity, or the inverse of electrical conductivity. Osseous tissue can be
considered an inhomogeneous and highly anisotropic material containing less conductive
bone minerals and more conductive soft tissue such as blood vessels and other bodily
fluids [Balmer et al., 2018]. The bone conductivity is thus mostly linked to the amount
of blood present in the bone, which evolves relatively to its density /porosity. So cortical

bone has a higher EBI than spongious bone, i.e., a lower conductivity.

Pedicle probes embedding a bipolar conductivity sensor at their tip have been de-
veloped to provide local electrical conductivity measurements for spine surgery [Bolger
et al., 2007]. The embedded sensor measures the electrical conductivity in the surround-
ing tissues thanks to two separate electrodes, allowing relative differentiation of tissue

conductivity.

This technology is relatively mature in spine surgery as it has been available from
SpineGuard” medical devices since 2003. Figure 1.15 shows the implementation of its

bipolar sensor on a straight pedicle probe, the Pediguard® [Betz et al., 2010].

cal conductivity

Inner electrode

Outer electrode

Spinetiuard’

F1GURE 1.15: Electrical conductivity sensor inside a straight pedicle probe.

The electrical conductivity measurement is enabled here by an isolated inner elec-
trode in the instrument’s shaft [Bourlion and Vanquaethem, 2003]. When a tissue is in
contact with both electrodes, a part of the current sent via the inner electrode is collected

on the outer electrode. This current measurement is a direct image of bone conductivity.

T spineguard.com
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The conductivity measurement is delivered to the surgeon via audio feedback. Like
car parking sensors, the cadence and pitch of the audio signal increase when getting
closer to dangerous anatomical parts, e.g., soft tissues. In SpineGuard’s most recent
instrument, the PediGuard DSG Connect, presented in Figure 1.16, the signal is also
transmitted wirelessly and displayed on a tablet. This enables to better visualize the

conductivity variations during surgery.

FIGURE 1.16: The PediGuard DSG Connect.

SpineGuard’s DSG® technology (for "Dynamic Surgical Guidance") is based on the
principle that the electrical conductivity of tissue varies along the pedicle perforation. In-
deed, as seen previously in Figure 1.3, the outer bone layer (cortical bone) is denser than

the inner cancellous (spongious) bone. Figure 1.17 shows the expected signal variation

Electrical Conductivity Device /
along the perforation

o(Cancellous bone) o (Cortical bone) o (Blood)

';"..Y‘
= - » }
= :

& Audio feedback changes
in and cadence

Breach anticipation

SpineGuard

FIGURE 1.17: Electrical conductivity variations during a pedicle perforation leading
to a bone breach.

with respect to the different anatomical parts encountered during a breaching pedicle
preparation. When reaching the cortical outer bone layer, the conductivity should drop.
Then, if the outer layer is broken and the tip approaches the outside of the bone, the con-
ductivity will increase drastically because of the proximity to conductive tissues (blood,

muscles, veins, etc.).
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When manipulating a pedicle preparation with a tool equipped with the DSG tech-
nology, a surgeon can distinguish between bone tissues and be alerted prior to an immi-
nent cortical breach [Williams et al., 2014; Suess and Schomacher, 2016; Allaoui et al.,
2018|. For instance, in a study on 8 patients diagnosed with a degenerative lumbar spine,
using the PediGuard instrument has been proven to reduce the need for fluoroscopy use

by 30% while maintaining a 97.5% accuracy [Chaput et al., 2013].

1.3.4.5 Overview

All the sensors mentioned above show promising results and a high potential for the
automation of pedicle screw insertion. Some of them have even already been exper-
imented on ex-vivo or in-vivo spine procedures and/or used on a robotic system. In
many cases, simple signal thresholding was enough to distinguish between cancellous
and cortical bone. In others, machine learning techniques were exploited for real-time

tissue classification to predict bone breakthroughs.

The best result for each type of sensor has been reported in Table 1.1. The categories
of sensors are compared in terms of sensitivity, real-time capabilities, and maturity —

measured by the pertinence of the experimental model used in the study.

Detection | Real-time Maturity
sensitivity | capability | (test model)
Mechanical impedance + ++ - -
[Torun and Oztiirk, 2020] 99% 100 Hz sheep femur
Acoustics - + -
[Seibold et al., 2021] 94% 10 Hz cadaver hip
Spectroscopy + ? +
[Burstrom et al., 2019] 98-99% not sure | cadaver spine
Electrical impedance + + ++
[Bolger et al., 2007] 98% 5 Hz human spine

TABLE 1.1: Comparison of the best local tissue sensing technologies found in the
literature.

Recent studies using mechanical energy and spectroscopy show great sensitivity re-
sults. However, from all the modalities for local tissue sensing seen in the literature, EBI
is the only one that is already used in real spine clinical procedures. Surgeons already
use the audio feedback of SpineGuard’s devices to gain additional information, but their

sensor has never been used for automation prior to this research, which started in 2017.
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A preliminary Proof Of Concept (POC) was first developed in 2017 by Florian Richer,
leading to a first patent co-owned by SpineGuard & Sorbonne University [Bourlion et al.,

2021].

A comparative study using several sensors on the same drillings would be interesting
for comparing clearly the advantages of the different available modalities. Also, combin-
ing the signals into a multi-modal approach could prevent wrongful detections. Thanks
to the newly FAROS European project (see details in Section 1.5.2), this should happen

in the next two years.

1.4 Vision

Recent studies (|[Kalidindi et al., 2020]) show that robots for spine surgery provide in-
creased accuracy of pedicle screws and reduce radiation exposure. However, to date,
clinically meaningful differences between traditional techniques and robot-assisted spine
surgery have not been clearly demonstrated [Galetta et al., 2019]. One main concern
of robotic surgery is the possible intra-operative discrepancy between pre-operative CT
imaging and intraoperative registration. This error can arise from poor image quality,
excessive amounts of soft tissue in the patient hindering proper robotic arm positioning,

surgeon error during registration, or a combination of all the above [Tian et al., 2014].

Indeed, surgical plans are generally only an ideal sketch of the intraoperative reality
and cannot account for all physiological movements (i.e., physical deformation of tissues,
heart pulsations, or respiratory movements), bleeding, and the like. Also, pre-operative
images are reconstructed from the measurement of X-ray absorption and do not rep-
resent the anatomical truth. Therefore, pre-operative planning helps extract a rough
global roadmap, but surgeons need to update it with the reality of the operating the-
ater. Moreover, checking the internal tool position in the vertebra for security requires
irradiative imaging systems (fluoroscopy or CT), creating long-term risks for the patient

and the clinical staff.

Modern medical robotic approaches target absolute geometric precision, but in the
context of surgery, functional accuracy, i.e., relative to target anatomic and functional
structures, is what matters. Surgeons do not let pure geometric objectives dictate their
gestures; instead, they rely on their proprioception and exteroception, such as tactile
feedback, even when using a navigation system. Rather than thinking of robots as tools
used to rigidly and precisely position an instrument according to a plan, the vision of this
thesis tends towards using robotics to enhance the senses and the gestures of the surgeon

to help him/her do risky surgical tasks more securely. It is also the vision proposed in
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the FAROS European project (see Section 1.5.2). That way, we want to enable young
surgeons using robotics to do what experienced surgeons already know how to do free-
handedly. We believe that this radical mindset change is necessary to improve further the
functional outcomes for spine surgery patients, which will later make partial automation

of spine procedures possible.

This work focuses on developing an imageless autonomous robotic system thanks
to electrical impedance measurements and advanced robot control. Instead of adjusting
geometric relationships as indirect means of impacting the functional outcome, we want
to leave the surgeon in control of the positioning and then provide assistance with the
drilling gesture and security features. To that end, two main contributions are treated

in this thesis and can be summarized as:

e A robust control system that can replace the free-hand bone drilling clinical gesture

while enabling cooperation between the clinical staff and the robot.

e A X-ray-free real-time functional sensing system that can be used as a safety cri-

terion for pedicle screw placement.

1.5 Context

The work presented in this document is the product of a collaboration between Spine-
Guard and Sorbonne University, thanks to the CIFRE Progam. This collaboration was
extended to a larger consortium in 2021, through an H2020-EU funded collaborative
project called FAROS.

1.5.1 The CIFRE program

The CIFRE (Conventions Industrielles de Formation par la REcherche) program allows
French companies to entrust a doctoral candidate with an assignment in the framework of
a research collaboration with an academic research laboratory affiliated with a doctoral
school. This thesis was supervised both by the "Institut des Systémes Intelligents et de
Robotique" (ISIR) research lab and the SpineGuard company.

1.5.2 The FAROS European project

During the third year of the thesis (2021), SpineGuard and Sorbonne University teamed
up with Balgrist University Hospital, King’s College London, and KU Leuven to launch
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a European project called FAROS® for "Functionally Accurate RObotic Spine surgery".
This project aims at improving functional accuracy through embedding physical intelli-

gence in spine surgical robotics.

To do so, FAROS uses a multi-disciplinary approach by building up robotic con-
trollers that will ensure practical, functional outcomes rather than pursuing geometrical
goals based on imaging sensors. The consortium intends to efficiently embody surgeon-
like autonomous behavior at different levels of granularity by exploring the use of several
types of sensors. This new concept is applied to two spine surgery procedures (pedicle
screw placement and endoscopic lumbar discectomy), with a platform embedding two

robotic arms and a plurality of state-of-the-art sensors.

1.6 Structure of this dissertation

Chapter 2 presents the materials and methods that have been developed throughout the

thesis to realize meaningful experiments on bone tissues.

Chapter 3 details the control method developed for providing an imageless robust
drilling system. A developed force control outer loop takes advantage of an inner
impedance controller to create robust mechanical interactions with the patient and co-
operation with the clinical staff. The force control outer loop is done without force
measurements; instead, an approximate interaction force induced by the mechanical be-

havior of impedance control is computed from the position measurements.

Chapter 4 exploits the DSG technology and SpineGuard’s medical devices to create
a safety feature for pedicle screw placement. A significant number of drillings have been
performed to develop a breach detection algorithm, that was then validated on ex-vivo

pieces and in an in-vivo setup to stop spine drillings autonomously.

Chapter 5 conludes this work by summarizing the contributions in their context ob-
jective. Then some research perspectives to extend the work presented in this manuscript

are discussed.

®https://h2020faros.eu/
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1.7 Related publications and patents

1.7.1 Publications

The preliminary automated breach detection experiments based on electrical conductiv-

ity were published and presented at the Hamlyn Symposium in 2019:

[Da Silva et al., 2019] J. Da Silva, T. Chandanson, and G. Morel, "Robot-assisted
spine surgery guided by conductivity sensing: first preclinical experiments demonstrate
X-ray free breach detection,” in The Hamlyn Symposium on Medical Robotics, 2019, pp.
75-76. Best Paper Award.

The major results of the ex-vivo study presented in Chapter 4 have been presented
(video available online”) to the medical community at the annual forum of the Society

for Minimally Invasive Spine Surgery (SMISS) by the surgeon L. T. Khoo:

[Da Silva et al., 2021| J. Da Silva, E. Saghbiny, T. Chandanson, S. Bette, M.
Bourlion, R. Assaker, R. Betz, C. Bolger, H. Defino, A. Kaelin, L.T. Khoo, J.I. Williams,
H.K. Wong, and G. Morel. "Using an electrical conductivity loop control system for au-
tomated breach prevention during robotic powered drilling of bone," In Annual Forum ’21

Society for Minimally Invasive Spine Surgery, 2021.,

and will be published at the Conference on New Technologies for Computer and Robot-
Assisted Surgery (CRAS):

[Da Silva et al., 2022a] J. Da Silva, E. Saghbiny, T. Chandanson, S. Bette, M.
Bourlion and G. Morel. "Automatic bone breach detection for spine surgery based on
bio-electrical conductivity sensing: Ez-vivo experimental validation,” In 11th Conference

on New Technologies for Computer and Robot-Assisted Surgery (CRAS), pages 86-87.

The robust force control approach, described in Chapter 3 and used for the experimental

autonomous drillings of Chapter 4, has been published at CRAS:

[Da Silva et al., 2022b| J. Da Silva, S. Vafadar, T. Chandanson, and G. Morel,
"Force control of the KUKA LBR Med without external force sensor.” In 11th Conference
on New Technologies for Computer and Robot-Assisted Surgery (CRAS), pages 88-89.

A clinical study realized with real scoliosis patient data collected at the hospital Trousseau
will be presented at CRAS 2022:

[Saghbiny et al., 2022] E. Saghbiny, J. Da Silva, C. Chaimi, T. Chandanson, G.

Morel, and R. Vialle. "Toward automatic bone breach detection for spine surgery using

9%ww.vumedi .com/video/us ing-an-electrical-conductivity-loop-control-system-for-auto
mated-breach-prevention-during-robotic-/
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tissue bio-electrical conductivity sensing.” In 11th Conference on New Technologies for

Computer and Robot-Assisted Surgery (CRAS), pages 94-95.

1.7.2 Patent

A patent has been issued conjointly with SpineGuard, Sorbonne University, CNRS, and
INSERM to protect the breach detection algorithms using electrical impedance presented
in Chapter 4:

S. Bette, J. Da Silva, T. Chandanson, G.Morel and M. Bourlion (2021), “Dispositif
médical de pénétration d’une structure anatomique et systéme médical comprenantun tel

dispositif médical” (in French), FR Patent 2104761, May 5, 2021.
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This chapter details the hardware (robot, sensors, tools) used and the developments
made to improve the robotic experimental setup throughout the thesis. The prelimi-
nary setup used for the first experiments (presented in Sections 4.1.3 and 4.2) is briefly

presented in Appendix A.

2.1 Hardware

2.1.1 IIWA LBR Med 7

The robot used in this thesis is an LBR Med 7 R800 robotic arm manufactured by KUKA.
This manipulator is the fifth iteration of the DLR robot [Albu-Schéffer et al., 2007|, now
known as the "ITWA" — for Intelligent Industrial Work Assistant. The specific "LBR
Med" version, shown in Figure 2.1, is a version adapted to meet medical requirements
and respect the international standards IEC 60601-1 and IEC 62304. It is sold as a
robotic component that can easily be used for creating a medical device — meaning it

cannot be used as is in the operating room by clinicians.

23
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FIGURE 2.1: The KUKA LBR Med 7 R800*

This jointed-arm robot is classified as a "cobot," meaning it is intended for human-
robot collaboration in a shared environment. The cooperation is made possible thanks
to built-in joint torque sensors. They enable the detection of collisions and the imple-

mentation of powerful low-level torque control loops that can cancel joint friction.

Furthermore, this robot has the advantage of having 7 joints. This type of robot is
called a "redundant" robotic manipulator. These arms have extra degrees of mobility
from the 6 required DoFs to completely position and orient the end-effector in space.
They allow internal movements while keeping a specific desired Cartesian pose (position

and orientation) of the end-effector, like the motion depicted in Figure 2.2.

/\
-
b

FI1GURE 2.2: Null-space motion on the LBR Med robot.

The KUKA Sunrise cabinet hosts several internal controllers for the robot that al-
ready compensate for the gravity of the arm. In this work, we either use the Joint
Impedance Controller (in Section 3.1.1) or the Cartesian Impedance Controller (in Sec-
tion 3.1.2). An external computer running on a Linux-based real-time system communi-

cates with the cabinet and its internal controller in real-time via the KUKA Fast Robot

Lwww.kuka.com/industries/health- care/kuka-medical-robotics/lbr-med
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Interface (FRI). A homemade C++ program running at 1 kHz on the PC receives joint
position and torque measurements and sends back joint position commands; But only

measured positions are used for control purposes.

2.1.2 Robotic surgical tools with conductivity sensing

SpineGuard’s medical instruments presented in Section 1.3.4.4 were designed initially
to be handled manually by the surgeon. Therefore, they were not meant to be easily
attached to a robot. In the context of this project, SpineGuard created several prototypes
during the thesis that could be directly inserted into the drill chuck of the power drill.

The two prototypes that were used during the experiments are presented below.

The first instrument tested was a classic drill bit of 3mm in diameter embedding
a conductivity sensor. It is shown in Figure 2.3 along with the attached casing of the
electronic card used to measure the electrical conductivity and send the signal wirelessly

to the main computer at 5Hz. This tool was used during the first half of the thesis and

FIGURE 2.3: "Standard" robotic drill bit prototype.

then replaced by a second prototype with a threaded shaft.

The threads create a helical relationship between the bone and the drill bit. Thus,
it converts the previous drilling task into a screwing task. The mechanical work is then
function only of the screwing torque — as opposed to thrust force and cutting torque
before. Similarly, controlling the rotation speed controls the insertion speed directly

once the threads are engaged inside the bone.

Taking example from SpineGuard’s tap instrument, this second prototype shown
in Figure 2.4also has a pyramidal tip like the standard drill bit prototype for cutting
purposes and a threaded shaft like a screw. Using this model, we also make sure that
the drill is always in contact with the bone, meaning that the tool cannot be retracted
unintentionally. The electronics on this model were also upgraded to get measurements

at a higher frequency, i.e., 25Hz.



26 A robotic system for autonomous bone drilling in the spine

FIGURE 2.4: "Threaded" robotic drill bit prototype.

2.1.3 Power drill

The rotation of the 7th axis of the robot being too slow and limited in range, we had
to add an infinite rotation joint to the robot to perform the drilling task. We chose a
geared motor from Maxon with a 1.5 Nm nominal torque and a maximum speed of 922
rpm to be able to perform both drilling and screwing tasks. The motor is a brushless DC
motor with built-in Hall sensors and encoders, which enables to get precise control of the

drilling speed and also to estimate the cutting torque from the current measurements.

To rigidly fix the instrument with respect to the robot’s flange, several parts have
been manufactured by Laurent Fabre at the ISIR lab. Figure 2.5 shows the coupling part

linking the motor’s and the chuck’s axes. The other parts (spacer and attachment piece),

Drill motor and gearbox

Coupling Drill chuck

FIGURE 2.5: Assembly of the geared motor with the chuck

shown in Figure 2.6A, were made to position the power drill with a 30° angle with respect
to the last robot axis while minimizing the distance between the tool’s tip and the seventh
joint. A roller bearing was placed between the spacer and the coupling to reduce the

off-center from the axis of rotation. The motor and electronic components are protected
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piece to the rob

(A) Power drill fixation (B) Power drill mounted

F1GURE 2.6: Final version of the power drill conceived at the ISIR lab.

by a 3D-printed cover — black casing in Figure 2.6B. Sketches of the manufactured parts
are provided in Appendix B.

The velocity control is performed by an EPOS4 Compact 50/5 controller from
Maxon, which returns via USB the motor position, speed, and current to the main
computer. The geared motor torque 7,4, is then estimated from the motor current i,,

measurement with:

Tgm = kredkmim (2.1)
where k,.q and k,, are the reduction and torque constants respectively.

The validity of this estimation has been assessed by Saman Vafadar and Antoine
Harlé (as part of the FAROS project) using the experimental setup shown in Figure 2.7.
A F/T sensor, ATI mini 40 (ATI Industrial Automation, USA), was rigidly fixed on the
robot’s table. A custom-designed 3D printed part was screwed to the F/T sensor. A
wooden plate was inserted into a recess hollowed out in the plastic rapidly prototyped
part. The threaded drill bit, mounted in the robot’s drill, was placed on the wooden part
while applying a constant force vertically. Then, the drilling was performed for different

drilling speeds and vertical forces.

Figure 2.8 shows the results of the performed experiments with a 10 N vertically
applied force with a 20 or 40 rpm rotation speed. As can be highlighted by these plots,

as the threaded dill bit moves inside the wooden part, more threads become engaged,
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Drill chuck

2 P

FI1GURE 2.7: Experimental setup for the assessment of the drilling torque estimation. A
3D printed part fixed on an F/T sensor holds a wooden piece drilled with the threaded
drill bit prototype.

frictional forces increase, and the drilling torque increases as well. The measured torque
on the F/T sensor and the estimated torque from the drill’s current follow the same
trend. There is a mean constant bias of 31 mNm (for both experiments) between them.
The 95% confidence intervals (2STD) are 22 mNm and 18 mNm, which corresponds to

the amplitude of the noise on the estimated torque signal.
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F1cUrke 2.8: Difference between the drill torque estimated from the drill’s current and
the measured torque from the F/T sensor at two different speeds.
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2.2 Experimental environments used in the thesis

Reproducing the mechanical and electrical impedance of vertebrae simultaneously is not
easy. Several spine anatomical phantoms exist with bio-realistic mechanical character-
istics, but most cannot reproduce the bio-electrical conductivity of living tissues. Con-
sequently, the breach detection algorithms presented in Chapter 4 had to be tested on
real fresh bone material. To reduce as much as possible the number of animal sacrifices,
an ex-vivo setup using butchery pieces has been developed. But, some experiments have
also been run on living pigs with the control of veterinary surgeons to be in real operating

room conditions.

2.2.1 Ex-vivo experiments

Vertebrae electrical and mechanical impedances are not constant during bone drilling.
Also, the variability between each specimen, vertebrae, and bone segment is quite im-
portant and cannot be predicted. Hence, many drillings were required to verify the
robustness to bone variability of the breach detection algorithm. In order to limit ani-

mal sacrifice, an ex-vivo setup was developed.

2.2.1.1 Lamb vertebrae

Many studies in literature compare the sizes and shapes of human vertebrae to other
vertebrate species [F. McLain et al., 2002; Sheng et al., 2010]. When comparing animals
to humans, the pig is one of the animals with the closest spinal system [Busscher et al.,

2010], and so was chosen for the in-vivo experiments.

Unfortunately, complete porcine vertebrae were not available from the butcher’s shop
— mainly because they are cut in halves in slaughterhouses for sanitary reasons. Thus,
the ex-vivo experiments were conducted on the second closest model to humans, sheep
[Wilke et al., 1997; Mageed et al., 2013]. So, freshly bought lamb lumbar vertebrae (see
Figure 2.9A) from the butcher shop were used as a substitute for living pigs.

2.2.1.2 Saline bath

To reproduce the electrical conductivity of the cerebrospinal fluid present in the vertebral
canal during in-vivo experiments, the spinal cord was removed for ex-vivo trials, and the
vertebral canal was submerged under saline water. The setup, shown in Figure 2.9B,

consisting of a clamping device attached inside a hermetic and transparent box facilitated
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(A) Lumbar lamb vertebrae

(C) Camera view of the spinal
canal

(B) Homemade box with clamp-
ing device and camera

FIGURE 2.9: Ex-vivo experimental model.

the repetition of experiments. Moreover, this allowed getting a direct visualization (e.g.,
Figure 2.9C) of what is happening inside the vertebral canal during a bone breach with

a standard camera placed right outside the box.

2.2.1.3 Breathing simulator

To simulate the motion of the patient induced by the breathing process, a breathing
simulator machine, shown in Figure 2.10A, was conceived in the ISIR lab to simulate a
periodic displacement of a few millimeters. A camshaft mechanism imposes a translation

motion from the rotation of an irregular cylinder with a dr eccentricity, as depicted in

Figure 2.10B. The translation is then guided thanks to rods and bearings.

(B) Camshaft profile
(A) Translation induced by the rotating cam

FIGURE 2.10: Breathing simulator made from a motor, a camshaft, rods, and bearings.

This device was not only used for the ex-vivo experiments in Section 4.2, but also for

some experiments evaluating the performance of the force controller in Section 3.4.4.2.
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2.2.2 In-vivo experiments

To validate the usability and performance of our experimental system and algorithms in

real operating conditions, some drillings have been performed on an in-vivo setup.

The animal experimentations were conducted under the supervision of veterinary
surgeons at the National Veterinary school of Alfort (French: Ecole Nationale Vétérinaire
d’Alfort or ENVA) with the ethical approval of the French Ministry of Higher Education

and Research. The official document is available in Appendix C.

The pigs were anesthetized during the whole operation. A breathing machine con-
trolled the airflow insufflated into the subjects with a five-second period. The animals
were placed in the supine position (horizontal with dorso up). The pigs’ backs were
opened to provide direct visibility and access to the lumbar and thoracic vertebrae, as

shown in Figure 2.11.

FIGURE 2.11: Dorsal opening of a pig specimen.

After the experiments, the pigs were euthanized and cremated after the extraction

of the operated spine segment for post-operative CT scanning.

2.2.3 Chosen drilling path

As seen in Section 1.1.2; the clinical relevant trajectory consists of drilling via the ver-
tebral pedicles. Unfortunately, the young pigs used for the in-vivo experiments present
growth cartilages in their vertebral bodies, contrary to humans. As can be seen on the

CT scan in Figure 2.12, these growth cartilages are in the way of the pedicle path.
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FIGURE 2.12: CT scan of a young pig showing two visible growth cartilages in the
vertebral body.

This is not a problem mechanically speaking, but in the context of this thesis, it is.
Indeed, these cartilages are highly conductive and can be misinterpreted with a breach

in the spinal canal on the EBI signals.

To avoid misleading peaks in the conductivity signals, we chose to drill the spinous
process instead. On top of avoiding growth cartilages, this path also ensures that we will
be hitting the spinal canal at some point. The corresponding trajectory, shown in Figure
2.13, is also much more straightforward to visualize than the pedicle trajectory, as it is

simply vertical and parallel to the spinous process itself and so more reproducible.

FiGURE 2.13: Considered drilling path for the thesis.

All the experiments presented in Chapter 4 correspond to drilling via the spinous

process.
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Chapter 1 explained the interest of having a force controller to regulate the amount
of pressure during vertebra drilling and to follow the patient’s physiological movements.
Due to the context of our application and the potential interactions between the robot and

the clinical staff, the designed force controller needs to be robust to any perturbations.

33
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In this Chapter is detailed a contribution to the Force Control field to propose a robust
hybrid position and force control method that could be used for several medical robotics

applications.

Force control is a field that has been studied a lot in the last decades [Siciliano
and Khatib, 2008; Villani and De Schutter, 2016; Haddadin and Croft, 2016]. From a
general perspective, controlling forces requires a trade-off between stability, bandwidth,
accuracy, and robustness. To ensure stability, force control approaches often require a
reasonable estimation of the environment’s model (position and stiffness [Wijayarathne

and Hammond, 2020]) to account for contact dynamics.

However, when dealing with patients, tracking their position can be practically un-
easy, and knowing beforehand the stiffness of contact seems not feasible. Nonetheless,
when using robotic assistance, like with any other tool, surgeons will expect 100% re-
liability, whatever its conditions of use. Consequently, interactions with any unknown
environment must not destabilize the system to ensure the patient’s and the clinical

staff’s safety, and be accepted in the OR.

The work presented in this chapter does not require any a priori knowledge of the
environment —such as position or stiffness—, nor any online estimation of those parame-
ters. Instead, the proposed method greatly relies on the inherent stability of impedance
control and on the performance of a fast low-level torque controller, enabled thanks to
internal torque sensors. Note that these two conditions are commonly available in most

recent collaborative robots.

3.1 Impedance control

We will consider the robotic arm as a rigid manipulator; Thus, neglecting the joint flex-
ibility between the motors and the links, which corresponds to an infinite joint stiffness

hypothesis. The dynamics of the n-joint robotic arm can be written:

M(q)§+C(q,4)q+9(q) =Ta— T —Te (3.1)

where q,q,4 € R™ are the joint positions, velocities and accelerations, respectively,
M (q) € R™ " the joint inertia matrix, C(q, q) € R™ the combined Coriolis/Centrifugal
matrix and g(q) € R" the gravity torque. Vectors, T4, 7y and 7. € R" represent
respectively the joint torque produced by the actuator, the joint friction torque and
the so-called external torques, resulting from mechanical action of the robot on external
agents, such as a physical environment or a human operator, through contacts occurring

either on the robot bodies or at the level of the end-effector.
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The work presented here is based on the assumption that a low-level internal torque
controller ensures the servoing of the torques applied to the robot’s rigid bodies to the
commanded torques, 7., thanks to the measured torques, T.,,, obtained from built-in
torque sensors. It is also assumed that these torque sensors are placed at the very end
of the power transmission of the robot’s body links [Albu-Schéffer et al., 2007], in such a
way that all the friction 7; can be compensated with an integrator placed in the torque

error compensator. In other words,
Tm=Ta—Tf . (3.2)

Further, neglecting the response time of the torque loop, we can write 7, & 7., which in
turns leads to 7. =~ T,— T, and to the simplification of the robot’s model Equation (3.1)

to:
M(q)§+C(q,4)d +9(q) =Tc—Te (3.3)

Impedance control is a widely used approach to enable safe interactions for human-
robot cooperative tasks. Its goal is to realize the same dynamical relationship as a mass-
spring-damper system with desired inertia, stiffness, and damping. A high impedance
assimilates the system to a stiff spring, meaning errors w.r.t the target position will
generate strong forces to correct the deviation. In comparison, low impedances allow for

more significant position errors before inducing heavy forces.

This control method is now implemented internally on most recent collaborative
robots, such as the LBR Med used in this project (presented in Section 2.1.1). This
principle, first introduced by Hogan in [Hogan, 1984], can either be implemented in the

articular or the operational space.

The exact implementation of the impedance controllers provided by the KUKA con-
trol cabinet is unknown. Thereafter, we will assume that the control laws used internally

are the ones presented in this section.

3.1.1 Joint Impedance control

The implementation to the articular space is rather straightforward, but does require
good estimations of the dynamical model of the robot. Joint impedance control is im-

plemented via the joint torques 74 on top of the internal torque loop as follows:

~

Tc=Te +MM;1(qu(qd - q) +Bqd((jd - Q) _Te) +Cq+g, (34)
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where M, C, g are estimates of the robot dynamical matrices and gravity torques, and
Ky, B,y, M, are the desired joint stiffness, damping, and apparent mass matrices,

respectively, for each articulation.

If the dynamical model is perfectly estimated, then, by combining Equations (3.3)
and (3.4), one gets the expected behavior:

qu(‘]d -q)+ Bqd(dd —q) - MyG=rT.. (3.5)

Most often, diagonal matrices are used for K4, By and M4, leading to n independent
1-DoF' dynamic equations. The lowest order gives the static relationship between input

displacement, stiffness, and output interaction torques.

3.1.2 Cartesian Impedance control

The same methodology can also be applied to the operational space in order to link F/T
interactions of the end-effector to the Cartesian displacements. This means creating,
between x € R® the Cartesian 6-dimensional pose (position and orientation) and F, € RS

the end-effector generalized interaction forces, the following the dynamical relationship:
Kd(md—:c) +Bd(ii3d—i') —Ajx=F,, (36)

where x4 is the virtual desired position, K4, By, Agq are the symmetric and positive

definite matrices of the desired stiffness, damping, and inertia, respectively.

Implementing this Cartesian behavior to the redundant manipulator while control-
ling the joint torques in the articular space is a little bit more challenging but has been
meticulously treated in literature in [Khatib, 1987], and [Ott, 2012]. The method consists

in writing an equivalent robot model in the Cartesian space:
A(x)d + p(x, )& + Fy(x) = F.+ F, (3.7)

where F., Fy, F. € RS are the equivalent task space input, gravity and generalized

external forces vectors, and A(x), u(x, &) are given by:
Ax) = J(q) " M(q)J(q)", (3.8)

pi@, @) = J()" (Cla,q) - M(@)T(9) " T(@)) T(@)™" - (3.9)

thanks to the robot Jacobian J € R6*™,
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Several implementations for impedance control have been proposed in the literature
[Song et al., 2019]. With Hogan’s classical formulation [Hogan, 1985|, the Cartesian

impedance control law is given by:

F.=Fy(z) + Fe+ p(z,2)2q + A(x) A (Kg(xg — ) + Ba(2g — &) — Fe) . (3.10)

To avoid a feedback of the external forces F, in the control loop, a simplification

consists in setting the desired inertia to the robot inertia (|Ott, 2012]), i.e., Ay = A(x),
leading to the following desired torque output :

J(q)"F.

Te (3.11)

g(q) + J(@)7 (fu(x, &) 2q + Ka(zg — @) + Ba(dg — &))

3.2 State of the art of force regulation in impedance control

Within the classical impedance control framework, a reference force cannot be directly
specified as command input. To regulate interaction forces while benefiting from the ro-
bustness of the impedance control framework, researchers proposed various modifications

to impedance control or additional external control loops.

Lasky and Hsia |[Lasky and Hsia, 1991] proposed a simple inner-outer loop control
scheme. The inner loop consisted of an impedance controller; The outer loop, an integral
force controller, generated a proper position command based on the force error. Following
this work, Almeida et al. [Almeida et al., 1999] proposed a force-limited impedance
control, meaning that the contact force was limited to a maximum reference force value
using saturation blocks. Meanwhile, the robot was only impedance-controlled with an

inactive external force loop if the contact force was less than the reference value.

Seraji and Colbaugh [Seraji and Colbaugh, 1997| presented two adaptive inner-outer
loop control schemes. In the first scheme, the adaptive force controller generated the
position command based on the force error and the end-effector’s velocity. The second
scheme estimated the environment’s parameters using the end-effector’s position and
contact force. Then, the position command was generated based on the environment’s
estimated parameters. Following this study, [Erickson et al., 2003] [Xu et al., 2012]
[Komati et al., 2014] introduced force tracking adaptive impedance controllers in which
different algorithms were implemented for identification of the environment’s parameters.
Most of these adaptive schemes require data on the end-effector’s position, velocity, and

contact force.
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Jung et al. [Jung et al., 2004] proposed a two-phase control algorithm — contact-less
space and contact space. After contact, a new impedance function was realized based on
the desired force, the position error, and the environment stiffness. An adaptive tech-
nique was utilized to minimize the force error. Implementation of this control algorithm
required switching between the control algorithms. Also, the contact force was measured

by an F/T sensor.

Also, [Kronander and Billard, 2016] showed that modifying the robot’s desired stiff-
ness online can provoke internal energy production, leading to instability. Instead, fol-
lowing the works of [Ferraguti et al., 2013], K. Kronander et al. prone the use of energy

tanks to prevent instability.

Force control without F /T sensors is also of value for various industrial applications
because it would reduce the costs and complexities of implementation|[Stolt et al., 2012]
[Kuo et al., 2019] . In a recent study, Roveda and Piga [Roveda and Piga, 2021| presented
an inner-outer loop control scheme in which the contact force was estimated using an
extended Kalman filter. The main challenge was the accuracy of force estimation and,

subsequently, the static force control error.

In the proposed scheme, detailed later in Section 3.3.3, we use an unmodified inner
impedance loop and an outer force loop that neither needs to estimate the environment’s

parameters nor measure the external force.

3.3 Robust force regulation for impedance control

This section theoretically compares the works performed in [Lasky and Hsia, 1991;
Almeida et al., 1999|, hereafter referred to as the "direct force feedback" approach, to
a "pseudo-force feedback" proposed approach that will be introduced in Section 3.3.3.
Both methods use an inner classical implementation of impedance control coupled with

an outer external force loop.

To compare theoritically the stability of the two different external force loops applied
on top of the impedance controller, we will consider a one-dimensional problem and use

lowercase letters to symbolize scalars:

mdi' = ]{Zd(l’d — 517) + bd(itd — x) - fe . (3.12)

This one DoF may be a robot joint from decoupled Equation (3.5), or an end-effector
DoF from decoupled Equation (3.6). The following 1-DoF simulation study could have

been done either with a translational degree or rotational degree. The stability analysis
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and step response simulations shown in this section are done on a 1-DoF' translational

system, but the same applies to joint articulations.

3.3.1 1-DoF environment model

When there is no contact between the robot and the environment (f. = 0), the closed-
loop behavior given by Equation (3.12) is stable for all the positive choices of mg, by,
and kg. When contact occurs, the programmed impedance of the robot connects to the
environment’s own impedance. For completeness, we consider a second-order impedance

for the model of the environment:

ke(x — + be® + meX  when i tact
fe:{ e(x — Te) + bet + meiZ  when in con ac’ (3.13)

0 otherwise

where k., be, me, and z. are the stiffness, damping, mass and the environment position,

respectively.

Once in contact, the closed-loop contact behavior of the combined mechanical sys-

tem, depicted in Figure 3.1, can be obtained from Equations (3.12) and (3.13):
med + bet + kix = kgrg + kexe + bty (3.14)

where x; stands for x4 + *.. This combined system is still stable for all positive choices
of kg, bg, and myg, although the environment affects its convergence dynamics. Note that
the stability of the two systems (contact / free-space) does not guarantee the overall

system’s stability due to non-linear switching between the two differential equations.

kq ke

Without contact

With contact

FIGURE 3.1: Impedance control principle: the desired robot impedance is programmed

with mg, bg, and kg4 resulting in a stable behavior in both free-space and contact

situations. The interaction force f. is not directly controlled. Instead, the desired

position of the robot, x4 shall be chosen to adjust f., which requires knowledge of the
environment’s location and dynamics.
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The equilibrium position z¢, of the combined system can be directly obtained from

Equation 3.14:
_ kqrg + kexe

Tes = T ke

Note that this position not only depends on the controlled stiffness of the robotic arm

(3.15)

but also on the stiffness and position of the environment.

In the following simulations, for simplification and without any impact on the stabil-
ity analysis, we will assume xz.(¢t) = 0. Moreover, we will assume permanent contact to
study contact stability by removing potential instability coming from switching, which
is a common approach in the force control community. The robustness to switching

conditions (impacts) is evaluated experimentally in Section 3.5.2.

3.3.2 Direct measurement feedback

A common approach seen in the literature to regulate forces to a desired force input fy
while being under impedance control is to implement an external force loop based on
F/T sensor measurements |Lasky and Hsia, 1991; Almeida et al., 1999]. The conversion

from force errors to velocities is usually done via a proportional gain A like so:
Tqg=Mfa— fe) - (3.16)

With this method, the sensor measurement explicitly creates a speed error that is then

fed to the impedance controller, as shown in Figure 3.2. In doing so, all the environment

fi . g T4 IMPEDANCE N
A / CONTROLLED ROBOT | f,
_ + ENVIRONMENT >

FIGURE 3.2: External force loop with measured force feedback.

dynamics are fed back to the external force loop and the impedance controller.

3.3.2.1 Stability analysis
In the Laplace domain, if we consider F, as the output and F}; as the input, by combining
Equations (3.13), (3.14), and (3.16), the transfer function can be written as:

Akq +bgs)Ze(s)
D(s)

F, = Fy, (3.17)
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where Z(s) = mes? +bes + ke is the environment’s impedance, and D(s) is a third-order

polynomial given by:
D(S) = )\kjdkﬁe—f-[k‘t + )\(kﬁdbe + bdke)] 8—|—[bt + )\(bdbe + kdme)] 52+[mt+)\bdme}33 . (318)

This third-order polynomial has roots whose values and signs depend on the robot’s
impedance, the environment’s impedance, and the proportional gain A\. We applied the

Routh-Hurwitz criterion to find the analytical stability conditions. The Routh table is:

s3 me + Ameby ki + Akgbe
52 by 4+ Abebg + Akgme Mkeky
1 (bt + Abebg + Akgme) (ke + Akebg + Nkgbe) — Mkekg(my + Ameby)
s 0
by + Abebg + Akgmee
30 MNkeokg 0

So the system is stable if, and only if:

(b + Abebg + Megme) (ke + Meebg + Megbe) — Meeka(myg + Amebg) > 0
= ktbt + )\(k’ebdbt + kdbebt + ktbebd + k?l'me — kekdmd)
+ A% (kebeb? 4 kabab? + k2mebe) > 0 .

For example, when b, = m. = 0 (environment being modeled as a pure spring), we
find that the system is stable if: A > 0 and by > /kgmg or bg < Vkgmg and 0 < A < Ajim

where
bd(l + k;d/ke)

3.19
kaqmg — b?l ( )

Alim =

In this configuration, the higher the environment stiffness, the lower the maximum
limit for the external gain. This stability problem is also reported in several experiments
in the literature [An and Hollerbach, 1987; Wilfinger et al., 1994]. To cope with this
problem, authors often use low values of A to ensure stability in contact with stiff en-
vironments, leading to slow convergence for softer environments. Alternatives include

direct or indirect adaptive approaches [Seraji and Colbaugh, 1997].

3.3.2.2 Simulated step response

Several simulations have been performed to confirm the influence of the different variables
on stability and performance. Table 3.1 provides the parameters which are common in

the three simulation trials presented in this section.
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kq | 4000 N.m~! | by 50 N.s.m™! mg | 9kg
ke | 20 000 N.m~! || b, | 20 or 300 N.s.m™! || m, | 0.5 kg

TABLE 3.1: Parameters used to obtain all the simulation results plotted in Figures 3.3,
3.4 and 3.6.

Figure 3.3 shows the step responses of the system for various values of the A and b,

parameters.

A = 0.003 m/Ns, b, = 300 Ns/m A = 0.003 m/Ns, b, = 20 Ns/m A = 0.001 m/Ns, b, = 20 Ns/m

Force (N)

T
E
= 0.2
S
.‘ﬁ
g

0

0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time (s) Time (s) Time (s)

FIGURE 3.3: Step responses with an explicit external force loop.
Left: for a given environment dynamics, A is tuned to obtain a well-damped behavior.
Middle: With the same A, but a lower environment damping, instability occurs.
Right: Lowering A allows retrieving stability while slowing down the step response.

In Figure 3.3-left, A was manually tuned to 3 mm.s~'.N~! in order to obtain a well-
damped force response, given an environment dynamics characterized by a high damping
(be = 300 N.s.m~!). This shows that, with the right tuning, the direct force feedback

approach can lead to fast convergence on high-damped materials.

In Figure 3.3-middle, the damping is decreased (to b, = 20 N.s.m™ 1), corresponding
to a low-damped environment dynamics, while the controller gain A is unchanged. This
demonstrates that the closed-loop behavior of the explicit approach is highly sensitive

to change and can become unstable.

In Figure 3.3-right, we show how decreasing A allows retrieving stability for the low-
damped environment. However, this also slows down the dominant poles, leading to a

lower convergence rate than in 3.3-left.

In practice, when the environment dynamics are unknown, a conservatively low value
is selected for A to ensure stability for a large set of environment dynamics at a price
of low force tracking performance (slow response). Note that when z. is not constant,
this does not affect the closed-loop dynamics. In this case, having a slow response is
detrimental to the capacity of the robot to follow environment movements with high-

frequency contents.
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As emphasized by the stability analysis and simulation results, the coupling of robot
low-level impedance, and environment impedance, with an outer force feedback loop has
a potentially negative effect on the overall system stability. A fundamental reason for
this is that the outer loop re-injects the force output signal f. and its high-frequency
oscillatory components, see Figure 3.3. Filtering f. to remove those high frequencies

would delay the signal and impose reducing A to maintain enough stability margins.

In the next section, a pseudo-force feedback is proposed, rejecting high-frequency

components, while avoiding filtering.

3.3.3 Proposed pseudo-force feedback

From Equation (3.12) we noticed that thanks to the inner impedance controller, the low-
frequency component of the interaction force can be approximated by the static elastic
force. We take advantage of this fact to propose a new robust interaction force controller
using a pseudo-force signal:

fo=kq(xqg—z) . (3.20)

In Figure 3.4, we plotted for the previous simulation the total force f. and the
elastic contribution of the impedance controller to this force, fe. As expected, at the
equilibrium, the two forces are equal. More importantly, during the transient response,
it can be observed that most of the high-frequency oscillation is largely smaller for the

elastic component.

A = 0.003 m/Ns, b, = 300 Ns/m A = 0.003 m/Ns, b, = 20 Ns/m A = 0.001 m/Ns, b, = 20 Ns/m

Force (N)

0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time(s) Time(s) Time(s)

FIGURE 3.4: Reproduction of the step responses of Figure 3.3 with the superimposition
of a pseudo-force signal f. = kq(xq — x).

This pseudo-force f. signal was firstly used in [Hacksel and Salcudean, 1994; Alcocer
et al., 2003] to build force observers. More recently [Borghesan et al., 2012; Stolt et al.,
2012], used the backdrivability of low-impedance robots (PR2 and ABB Frida) to regulate
interaction forces. But, the influence of replacing f. by f;) has never been thoroughly

studied in terms of control performance and robustness.
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We then propose to use fe and use it as force feedback:

4= Nfa—fe) (3.21)

resulting in the control scheme depicted in Figure 3.5.

f -
€ Kd <
+
fi + v T4 T4 IMPEDANCE >
A > / » CONTROLLED ROBOT | f.
+ ENVIRONMENT >

FIGURE 3.5: Proposed external loop with pseudo-force feedback.

One immediate advantage of this approach is that, as shown in Fig. 3.5, there is
no direct feedback of f_ to the force loop. Also, this outer loop only requires position

measurements and the stiffness gain K4 of the impedance controller.

3.3.3.1 Stability analysis
To evaluate the stability of the proposed approach, we can combine Equations (3.12),
(3.13), (3.21) to get its equivalent transfer function:

P AMkq + bgs)Ze(s) 7
7 Nkekg + (kg 4 Megbe)s + (Amykq + by)s? + mys3 >

(3.22)

The Routh table for this system:

s3 my ki + Akgbe
52 by + Nkgmy Akekg
1 (bt + )\k:dmt)(k:t + )\kdbe) - )\k:ek:dmt
s 0
bt + )\kdmt
50 Akeky 0

proves that the proposed approach is stable if:

(bt + )\kdmt)(k‘t + )\kdbe) — Akekgmy >0
= kubr + Meabibe + Ak2my + A2k2bemy > 0
=A>0.

Hence, with the pseudo-force feedback, the theoretical stability of the controller is

now ensured for all positive values of k¢, kg, be, by, me, myg, and .
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3.3.3.2 Simulated step response

Unconditional stability has been confirmed via an extensive set of simulations, all leading
to convergence of f, towards f;. As an example, we show in Figure 3.6 the simulation
results for the same tuning as in Figure 3.3. In the most critical situation (middle column,
with high A and low environment damping), while the system exhibits small vibrations
for f., the pseudo-force signal, which is used as feedback, rapidly converges towards the
desired value with very few oscillations. Remarkably, the integral compensation output,

x4, stays perfectly smooth under all three conditions (blue signal of the bottom plots).

A = 0.003 m/Ns, b, = 300 Ns/m A = 0.003 m/Ns, b, = 20 Ns/m A = 0.001 m/Ns, b, = 20 Ns/m

Force (N)

€
E
c 02
S
.‘ﬁ
g

0

0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time (s) Time (s) Time (s)

FIGURE 3.6: Step responses with the proposed external pseudo-force loop under the
same conditions as in Figure 3.3.

To demonstrate the improvements obtained with this approach under real-life condi-
tions, we present its application with joint impedance in Section 3.4, and with Cartesian

impedance in Section 3.4 to regulate the force applied during the drilling task.

3.4 Application to joint impedance control

Due to the manipulator’s inherent redundancy and the additional degree of freedom
provided by the drill’s motor, 8 DoFs are available in total on our robotic system (see
Section 2.1 for details). In this section, to take full advantage of these two extra mobilities
while accomplishing the drilling task, the proposed force control approach is applied to

the inner joint impedance controller provided by the KUKA arm.

A robust hybrid position/force controller is implemented, as well as an interactive
null-space control law — both exploiting the pseudo-force signal. The robustness of the
controller is then tested in various experiments and evaluated in the context of our

medical application.
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3.4.1 Operational space force control with joint impedance

As the impedance control is done at the joint level, while the task is in the operational
space, the proposed feedback, in Equation (3.20), is now applied to all articulations in a
pseudo-torque signal

Te=Ka(gs—q) - (3.23)

With the pseudo-torque signal 7. alone, it is not possible to distinguish between

an action of the robot through contacts occurring on intermediate bodies or through a

distal interaction at the end-effector level. To compute an equivalent pseudo-force from

the pseudo-torque, we have to assume that all the external torque is due to an interaction

at the end-effector level. With that hypothesis, a pseudo-force F. can be computed from
the pseudo-torque with

F.= N+, , (3.24)

where JT = JT(JJT)~! is the Moore-Penrose pseudo-inverse [Penrose, 1955] of the robot

Jacobian.

By generalizing Equation (3.21) to all Cartesian axes with Equation (3.24), it is
possible to control the end-effector Cartesian velocity to regulate the desired interaction

F/T, F4, applied to an environment with
Bq=XNFq— (JNTF,), (3.25)

where A is a diagonal matrix of proportional A gains.

The robot Jacobian is then used to map back the Cartesian end-effector velocities

&4 into a desired joint velocities g4, with:

G, =J'x, . (3.26)

3.4.2 Parallel hybrid position/force control

To fulfill the requirements of our drilling application, we need to be able to apply a
constant force along the tool axis while maintaining the desired orientation and entry-
point. This requires 1 DoF to apply the force along the drill axis, 2 DoFs to position
the entry point, and 2 DoFs to control the drill orientation. The third rotation does not
need to be controlled by the robot arm since a separate motor inside the power drill tool
(presented in Section 2.1.3) handles the instrument’s infinite rotation around its axis.
The drilling task can then be separated into three parallel subtasks: force, orientation,

and lateral displacement control.
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By using selection matrices S, and their complementary I — Sy, as introduced by
[Mason, 1981] and directly applied by [Raibert and Craig, 1981|, the control other the
different axes can be parallelized to separate each subtask. We will use Sy to select
the axes requiring the proposed pseudo-force regulation and S, for position control, as
the same controller will handle orientation and lateral displacement. Noting that some
Cartesian axis might not need either position or force control, a second selection matrix

S, is introduced for the position tasks as well; (I — S, — S¢) can be not null.

In our force control approach, the position of the environment is not taken into
account. Unlike in the external hybrid force/position scheme in [Perdereau and Drouin,
1993], we do not feed position and force inputs to the same Cartesian axis and consider
them as two different subtasks. Hence, an axis should not be selected for more than
once subtask, meaning S, - Sy = 0. Then, the desired Cartesian input speed &4 can be
divided into three terms:

g = ii‘d/f + ii‘d/p , (3.27)
where &4,y = Syq and &4/, = SpEq.

Nonetheless, to limit the maximum speed in case of loss of contact, we saturate the

velocities controlled by the force controller with
/5 = sat(ASf(Fa— Fe), vmax) , (3.28)

where vyax is the maximum allowed velocity and

a, if ||al| <b
sat(a,b) = a . (3.29)
bﬂ, otherwise,
a

Note that, even if the primary task for the axes selected by S is to regulate desired
F/T, motion in free-space can be induced by playing with vy,.x and F'y. Therefore,
the speed is controlled in free space, or the force is controlled when in contact, without

switching the controller.

Moreover, when setting F'y = 0, the end-effector pseudo-forces F, created from the
manipulation of the robot by an operator will be regulated to zero by translating and
rotating the end-effector away from contact; Creating thus a collaborative environment
where the user can drag the robot in the workspace by pulling the end-effector. For that

scenario, a deadzone function DZ for vectors is introduced:

0 if [lal < b

(llall —b) 2 stherwise.

lall

DZ(a,b) = (3.30)
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When applied before the force error AF = F; — F, computation, the deadzone ensures
that small force errors won’t create unwanted movement of the end-effector, even in the
presence of static torque errors (due e.g. to residual friction or gravity model errors).

Equation (3.28) then becomes:
&asp = sat(ASf(DZ(Fy — Fe, Fin)), tmax) (3.31)

where Fy, is a force or torque threshold.

3.4.3 Null-space control

Within the 6 Cartesian DoFs to control, if m < 6 forces/torques are controlled, p < 6—m
positions/rotations can be regulated along the directions selected by (I — Sf). Thanks
to the selection matrices introduced earlier and the robot’s inherent redundancy, this

leaves r = (7 — m — p) DoFs for internal motion.

To control only the m + p DoFs required for Cartesian position or force control, the

selection matrices can be used to create a reduced Jacobian matrice

Jred = (Sp + Sf)J . (3.32)

Then, by using a null-space projector [Liégois, 1977|, we can allow motions that
won't affect the Cartesian tasks. Equation (3.26) then becomes:

qd = Jieddjd + (I’ﬂ - JT Jred)dnull (333)

red

where q,,,; € R" is a joint velocity that can be used for any secondary tasks. This
additional internal motion can be used, e.g., to change the robot’s configuration while

maintaining force and orientation control over the tool.

We allowed human collaborators to interactively act on this kinematic null-space by
implementing a parallel external joint admittance loop. Similarly to the approach seen
in the previous section for the Cartesian velocities with Equation (3.31), equivalent joint
speeds @,,,;; are created from torque errors by using a proportional gain, a deazone and

a saturation with:

qnull = sat (6 (DZ (_7:& 7_th)) 7Qmax) , (334)

where [ is a second tunable scalar viscosity parameter, 7y, is a torque threshold, and

(max 1S a maximal joint velocity.
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The global control diagram used to control Cartesian positions and forces in parallel
while allowing changes in the robot configuration is shown in Figure 3.7. The implemen-
tation inside KUKA’s control box has not been released publically. Hence, the interior
of the orange block displayed in this figure is just a guess from our user experience and

might differ from reality.
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3.4.4 Experimental results

A series of experiments have been conducted to verify the behavior of the proposed force
controller with KUKA’s inner joint impedance controller in various conditions. Figure 3.8
shows the setup used, consisting of the robot arm, a hard-plastic tool with a rounded tip

mounted on the flange, an F/T sensor, and the breathing platform (see Section 2.2.1.3).

FIGURE 3.8: Setup used to experimentally evaluate the application of the proposed
hybrid position/force controller to joint impedance.

Only the vertical component of the distal force is servoed, corresponding to all the
elements of Sy being null apart from one diagonal term in the vertical translation direc-
tion equal to 1. The complete control diagram of Figure 3.7 is used with the parameters
of Table 3.2.

K 1000 Nm.rad~! for all joints B, 1 for all joints
A 30 mm.s~ N1 Umax 0.02 m.s~*
Sy diag(0,0,1,0,0,0) Sy diag(1,1,0,1,1,0)
I3 0.2 rad.s™ . Nm™! Gmax 1.2 rad.s™!
Tth 0.2 Nm

TABLE 3.2: Control parameters used for the joint impedance experiments.
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3.4.4.1 Impact experiment

This experiment compares the robot’s behavior when using pseudo or direct force feed-

back while impacting a surface.

The robot first starts above the contact surface. Then, thanks to Equation (3.28),
the end-effector moves towards contact, with a max speed of Ve = 2 cm.s™ . Then,
instantly after contact (no switch function is required), the controller regulates the esti-
mated interaction force to the desired value f; =20N. The same experiment is performed
four times: either on a highly rigid environment (an aluminum plate) or on a soft envi-
ronment obtained by placing a lcm thick silicon sample between the robot end-effector
and the aluminum plate, and either with the direct or proposed feedback. The breathing
machine placed under the force sensor is not actioned in this first experiment. All the

results are available in Figure 3.9.
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FI1GURE 3.9: Comparison of the two force control approaches when impacting at v,,q, =
2 cm.s~! two different environment material.
Top: hard aluminium. Bottom: soft silicon.

Figure 3.9A plots the force results when using real force measurements as feedback.
Permanent oscillations appear on both soft and hard environments. Here, the speed
saturation prevents the robot from diverging by inducing a limit cycle behavior [Liu and
Michel, 1992]. Oscillations occur even if the theoretical stability criteria for the classical
approach are respected. This can be due to the complexities that have been neglected

in the model used for the 1-DoF stability analysis.
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In Figure 3.9B, the same experiments are performed except that the pseudo-force
signal is used instead for force regulation. A robust stable behavior is observed. The
pseudo-force signal fe used in the external F/T loop is remarkably smooth and rapidly
converges towards the desired value. The slope observed to reach the desired value

corresponds to the saturation of &, /f by Vmax-

It can also be observed that the stability is robust to drastic changes in the envi-
ronment stiffness. With the high stiffness environment (top plot), large vibrations are
measured at the robot tip on the external F/T sensor. However, they are kept out of the

regulation loop and thus do not affect the overall stability.

A small error can be observed between the pseudo-force signal and the external —
ground truth — measurement. It is due to errors in the internal model estimation and
residual friction that are not compensated for by the built-in torque loops used in the

impedance loop.

Due to its clear superiority in terms of stability and robustness, only the pseudo-force

approach is used in the following experiments.

3.4.4.2 Moving environment

To verify the robustness of the proposed force controller when servoing a force on mov-
ing environments, additional experiments have been performed while at contact on the

breathing platform, moving back and forth along the vertical direction. Figure 3.10
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FI1GURE 3.10: Servoing a constant force while in contact with a moving environment.

shows the results of the outer loop when the contact moves towards the robot at an
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approximative frequency of 0.2Hz with a maximum amplitude of 1.4mm. The externally
regulated force }'e smoothly remains very closed to the 20N desired value. The end-
effector externally-measured force slightly differs from the estimates during movements

due to dynamical and frictional effects. However, these errors are limited to 2N.

3.4.4.3 Null-space motion

In the two following experiments, the null-space configuration of the robot is changed

while the robot is asked to apply a constant force of 20N on a fixed rigid environment.

In Figure 3.11, a desired motion is created computationally on the first joint —
without any human interaction. This movement is then projected in the null-space.
One can see that the results are similar to those obtained in the previous experiment,
with small errors due to the torque loop dynamics and the errors in estimating the robot
dynamics. However, these errors remain small, although large null-space joint movements

are executed.
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FiGURE 3.11: Controlling a distal force while a null-space motion is imposed by the
controller, without any interaction between the robot intermediate bodies and external
agents. In the bottom plot, Ag;(t) = ¢;(t) — ¢;(0).

In Figure 3.12, the null-space motion is provoked by the application of a force by a hu-
man collaborator on the robot’s elbow thanks to the implementation of Equation (3.34).
It can be noticed that the externally measured force differs from the estimated distal
force by a significant amount during the motion. This is due to the fact that the hy-

pothesis made for Equation (3.24), namely that all the external torque is due to a distal
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FiGURE 3.12: Controlling a distal force while a null-space motion is imposed by a
human agent applying forces on the robot intermediate bodies

interaction only, is not valid anymore in this application because a force is applied by
the agent on the elbow. As it can be observed on the plots, the practical consequence
is that the distal force actually applied is a combination of the desired force and the
human-applied force, without significant impact on the stability of the external F/T
regulation loop (smooth blue signal). This provided additional experimental evidence of

the proposed approach’s robustness, i.e., when fe is used as a feedback signal.

3.4.5 Task-oriented performances for bone drilling

The two following scenarios assess the proposed controller for our surgical drilling appli-
cation. In the first case, we verify if it is possible to follow the patient’s motion robustly.

In the other one, we evaluate the precision of position control.

3.4.5.1 In-vivo patient motion following

The breathing of the patient lying down induces a motion of a few millimeters on the
vertebrae. In order to verify that the proposed controller could follow this small periodic
motion automatically, we recorded the robot’s Cartesian position and pseudo-force signal

while applying a constant force with the proposed controller on different vertebrae.

Figure 3.13 shows that the breathing induced to the animal is indeed periodic and
that the robot does follow the contact smoothly. The amplitude of the breathing on the
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F1GURE 3.13: Evaluation of the motion induced by the breathing of the animal when
applying a fixed force of 15N with the proposed controller

L1 level is more significant than on L5 since L1 is closer to the thoracic cage, which is

where the main part grows via the induced airflow.

The general controller of Figure 3.7 has been extensively used in the operating room
on living animals (see Section 2.2.2), as it was used during all bone drilling experiments

later presented in Chapter 4.

3.4.5.2 Coupling effect

One of the main characteristics of using an impedance controller is that the robot is
programmed to be flexible. This impacts the precision of the position control. Hav-
ing the impedance programmed at the joint level with the K4 stiffness leads to an
equivalent non-diagonal Cartesian stiffness matrix K, that depends on the robot’s joint

configuration, but also on the external force [Chen and Kao, 2000]:
K, =(JY (K- KyJ', (3.35)
where K, is the complementary stiffness matrix defined in [Chen, 2003]:

_ | aJ~T aJT aJT aJ"* aJT aJT aJ”*
Kg B oq1 Fe 0q2 Fe 0q3 Fe 0qq Fe 0qs Fe 0q6 Fe 0qr Fe : (3'36)

Even if the joint stiffness is set to the maximum value allowed by the KUKA Sunrise
cabinet (1000 Nm.rad~! for all joints), the resulting Cartesian stiffness is not sufficient
in many robot configurations of our application. To estimate the displacement error

induced by the application of a force, we can use Equations (3.23), (3.24) and (3.26) for
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small displacements:
bz = Joq=JK jor. = JK_jJ"6F, . (3.37)

In the robot configuration of Figure 3.8, with F, = 20N in the z direction, the displace-
ments predicted by the model given by Equation 3.37 are 3.3mm on the x-axis and 1.02°

around the y-axis.

To verify experimentally this prediction, we measured the deviation from the trajec-
tory when contacting a hard environment at high speed. Figure 3.14 shows the translation
and rotation on the robot flange when contacting a hard surface at vy = 0.1 m.s~!
with the proposed controller implemented with the joint impedance controller. The low
stiffness and impact create a deviation of 3.5mm along z and a rotation of 0.8 degrees

around vy, close from the theoretical model. Disprepancies may be due to joint friction.

0.2

_4 1 1 1 1 1 1 1 |
0 0.5 1 1.5 2 25 3 3.5 4

Time (s)

FIGURE 3.14: Position and orientation errors when contacting a hard surface at vpyax
= 0.1 m.s~! with F; = 20N and the maximum joint stiffness.

3.4.5.3 Conclusion on the joint impedance implementation

With the experiments presented in this Section, we have seen that the proposed force
control method allows following the patient smoothly while maintaining a constant in-
teraction force. We have seen briefly that using a force sensor to do the same thing is

not robust enough and is more expensive.



58 Position and force control for safe cooperative bone drilling

However, the coupling effect from articular impedance to cartesian control degrades
the positioning accuracy along the directions perpendicular to the applied forces. In the
next section, we’ll use a Cartesian implementation of impedance control to remove this
coupling effect. Moreover, the robustness is studied via experiments that compare the

sensor’s or the pseudo-force feedback more thoroughly.

3.5 Experiments with Cartesian impedance control

The model used in the previous section to conduct the theoretical stability analysis
and the simulations was simplistic: the robot structural flexibility was neglected, the
dynamic linearization performed by the low-level impedance controller was supposed to
be perfect, the joint friction was neglected, the sampling effect was not considered, and
the contact was supposed to be bilateral (, i.e. permanent, without switching between
contact and free-space). In practice, these assumptions are never perfectly met and
restrict the stability domain for the gain A. Therefore, studying the real experimental

behavior of the proposed approach is of primary importance.

Two sets of experiments have been conducted to compare the robustness of the two
presented controllers. The first set evaluates the stability of both methods with respect
to the proportional gain experimentallylambda. The second one evaluates the stability

in case of impact between the robot and its environment at different velocities.

In order to simulate a 1-DoF robotic system, we will use the built-in Cartesian
impedance controller provided by the KUKA LBR 7 Med robot (see Section 2.1.1) and
servoed only the z-axis of the robot’s end-effector. Meanwhile, the desired velocity inputs
for the other axes were set to 0. All the axes were controlled by the internal Cartesian
impedance controller with the maximum possible stiffness, i.e., kg = 5000 N/m for
translational axes and kg = 300 Nm/rad for rotational axes. The Lehr damping ratio
was set to 1, meaning by = 2v/kqmg where mg is unknown — not disclosed in KUKA'’s

documentation.

Figure 3.15 shows the mechanical setup that was used for the two sets of experimental
evaluations. A hard tip-rounded plastic tool was fixed on the robot’s flange. An ATI
Mini 40 F/T sensor was placed on the robot’s wooden table to acquire the best possible
interaction force measurement at 1kHz using a NI 6034E acquisition card. An aluminum
plate is placed on the sensor to flatten the contact surface. Additionally, a low-stiffness
spring can be added on top to simulate a soft contact. The end-effector’s axis was then

controlled with the classical or proposed method.
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FIGURE 3.15: Setup used to experimentally evaluate both force control loops. A spring
is placed between the force sensor and the robot to realize low stiffness environment
experiments; it is removed for high stiffness environment experiments.

3.5.1 Experimental evaluation of A\ on the stability

First, to evaluate the stability with respect to the A gain and its influence on the behavior
of both controllers, we conducted experiments where the robot was already in contact
with the environment. Moreover, the speed saturation to vmax was disabled for these
experiments. We then sent force step commands to f; from 10N to 15N for the two
possible controllers with increasing A values until the system became unstable. The tests

were performed on a soft environment and on a hard contact.

3.5.1.1 On a soft environment

A series of experiments have been conducted on a low-stiffness spring positioned between
the force sensor and the robot’s end-effector. The A gain was increased incrementally

with steps of 0.5 mm.s~L. N~

Figure 3.16 shows the step response of both methods with a low A value. There is
an approximate difference of 5 Newtons between f. and f. due to an error in the gravity
compensation model of the internal KUKA controller. Moreover, the real force amplitude
is different from 5N (6N) when using the pseudo-force, which can be explained by the
friction on the joints that affects the torque sensor measurement while not affecting the
distal measurements. Apart from this shift, the behavior with a low gain is very similar

for both controllers. The convergence rate is around 1.5 seconds.
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(A) With the direct force feedback (fe). (B) With the proposed pseudo-force (f.).

FIGURE 3.16: Response to 5N steps with a low gain (A = 2 mm.s~1.N7!) for both
control approaches on a soft environment.
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FIGURE 3.17: Response to 5N steps with A = 8 mm.s~!.N~! for both control ap-
proaches on a soft environment.

By increasing the gain, we can start to see apparent differences between the two

For instance, in Figure 3.17, we observe that the frequency of the

oscillations created by the direct force feedback is higher than with the pseudo-force

signal with less damping. The response with f. exhibits higher overshoots but higher

d

amping as well.

If we keep increasing A we quickly reach the limits of stability with the direct force

feedback. Indeed, Figure 3.18 shows the responses of both controllers with the highest

p

ossible A before the system got unstable with the f, feedback. With the same value of

A = 10.5 mm.s~ L. N~ we can see many oscillations when using the measured force signal
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FIGURE 3.18: Response to 5N steps with A = 10.5 mm.s~*. N1

directly, but only two when using the pseudo-force. The overshoots are comparable for

both approaches in this case.
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FIGURE 3.19: Behavior of the pseudo-force feedback at the limit of stability with
A =155 mms N~

Of course, the proposed method also has an experimental stability limit, even if
stability is unconditional for a simplified model. Figure 3.19 shows the servoing of the

pseudo-force signal at the limit of stability with A = 15.5 mm.s~!.N~!,

3.5.1.2 On a hard contact

Similar experiments have been conducted on a hard contact case by removing the spring
from the previous setup. This task is much more challenging in terms of stability com-

pared to the soft contact case since the environment can no longer absorb vibrations.



62 Position and force control for safe cooperative bone drilling

Energy dissipation at contact is low while the feedback gain is higher due to the higher

environment stiffness.

Figure 3.20 shows the step response of both methods with a low A value. Like on the
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FIGURE 3.20: Response to 5N steps with a low gain A = 1.2 mm.s'.N~! on a hard
environment.

soft environment, both controllers have similar behaviors. Nonetheless, the pseudo-force
control is slightly faster. The 2% settling time is 0.7s with the pseudo-force feedback

versus 0.9s with the direct force measurement.

When increasing the gain with the direct force feedback, the control experimen-
tally exhibited high sensitivity to noise and nonlinearities. Figure 3.21 shows that with
A = 3.5 mm.s~'.N~! the system was stable for the upwards step but became unstable
during the downwards step. This can be attributed to a non-linear effect in the torque
transmission, due to friction. Indeed, around t=2.6s, while the pseudo-force decreases
(meaning that the error z; — x decreases) the effectively transmitted force increases.
Then, at t ~ 2.8s, when the non-linear friction has been compensated for, the force
transmission is effective again; This switch in the transmission model destabilizes the
loop. Moreover, around t=2.6s, we can see that the force measurement increases while
f. decreases — meaning while the robot moves away from the sensor. This may be ex-

plained by a nonlinearity or residual friction in the robot or in the force sensor.

On the contrary, it was possible to select several tuning values for A when using the
pseudo-force signal. The limit gain when using f. was A = 19 mm.s~>.N~1. This gain is
five times higher than the maximum gain when using the direct force feedback. Figure
3.22, shows the step-response for three different values of A. With A = 7 mm.s~!.N—1,
the 2% settling time is 0.08s.
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FIGURE 3.21: Direct force feedback becomes unstable with A = 3.5 mm.s~'.N~! on a
hard environment.

Moreover, Figure 3.22C shows that with A = 15 mm.s~!.N~! the controller pushed
the robot to bounce off contact since the measured force goes down to zero at t~ 0.28s.
This does not create any problem for the pseudo-force regulation as they are no discon-

tinuities in the pseudo-force signal.

3.5.2 Stability to impact

In this other experimental evaluation, the robot started above contact, in free space. The
robot then moved towards impacting an environment whose location and dynamics were
unknown at the controller level. The initial force error A f and the saturation speed limit
led the robot to reach the contact location at the impact speed & = min(vmax, AAS).
Then, without the need for any switch function, the applied torque was regulated to f,
when reaching the contact. In the tests presented in this section, f; was chosen high
enough to make sure that vy,x would be the saturated speed value. The experiments

were conducted while modifying incrementally vpnay for a fixed value of .

3.5.2.1 Gain tuning of lambda

The value of A used for the impact experiments was identified thanks to the data gathered

in the experiments of Section 3.5.1 in order to give the fastest response time while having
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FIGURE 3.22: Step response with the pseudo-force feedback for different values of A
on a hard environment.

no overshoot for both controllers. This tuned lambda value is environment-dependent,

so not the same for the soft or the hard environment.

For a soft environment For the soft environment, the proportional gain was tuned
to A = 3.5 mm.s~L.N~! because higher gains would start creating small overshoots with
the pseudo-force feedback. Figures 3.23A and 3.23B show that with this value, both

controllers respond in less than one second to a 5N step, with no overshoots.

For a hard environment For the hard contact on the aluminium plate, the propor-
tional gain was tuned to A = 2 mm.s~'.N~!. Figures 3.24A and 3.24B show the step

responses with this value of A.

3.5.2.2 Impacts on a soft environment

Figures 3.25A and 3.25B show the response of both controllers with this tuned A =

1

3.5 mm.s~'.N~! when impacting the spring at vpax = 0.17 m.s™!. We can see that

the f. signal presents small oscillations while fe is much smoother. Also, overall, the
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FIGURE 3.24: Steps with A = 2 mm.s~™'.N~! on a hard environment.

regulation with the pseudo is again faster for the same \ gain: the 2% settling time is

0.8s with the direct feedback versus 0.5s with the pseudo-force feedback.

3.5.2.3 Impacts on a hard environment

Figure 3.27 shows the evolution of the convergence towards f; for different impact speeds

with the two considered regulation methods.

The moment of impact generates a peak in the f. measurement. We can see the
robot even starts bouncing over the contact surface since several null measurements are
recorded for f. after the impact. This phenomenon then generates high-frequency oscilla-

tions as it is forwarded to the command loop. Whereas the pseudo-force feedback is much
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FIGURE 3.25: Behavior when impacting a soft environment at vy. = 0.17 m.s™!.

smoother since the nonlinearities provoked by the impact are not directly transmitted to

the control loop.

So, in the end, the control with the pseudo-force feedback is faster as the 2% settling
time is of 0.7s with the direct feedback, versus 0.6s with the pseudo-force feedback. But
more importantly, vmax could not be increased further, as vymax = 0.007 m.s~! destabilizes

the controller based on fe.

Figure 3.26 shows a test with vpayx = 0.210 m.s~! and f; = 30N were the proposed
pseudo-force controller was still stable and converged in 120 milli-seconds to the desired
force input. The speed was not increased further to avoid damaging the force sensor or

the robot arm.
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FIGURE 3.26: Behavior of the pseudo-force controller when impacting a hard environ-
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3.5.3 Coupling effect

The experiment in Figure 3.14 (coupling effect evidenced under joint impedance control)
has been reproduced to verify that the coupling effect does not appear with the Cartesian

impedance implementation of the controller.

Figure 3.28 shows the deviation of the desired position and orientation with the

joint and the Cartesian implementations. We can see that, because of the direct control
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FIGURE 3.28: Comparison of the deformation when contacting a hard surface at vy =
0.1 m.s~! with impedance or Cartesian impedance. The deformation is greatly reduced
with the Cartesian implementation.

at the Cartesian level, deviations induced by an impact are quickly corrected by the
Cartesian impedance controller. After impact, the residual errors are 0.02 degrees and

0.44 millimeters, which is precise enough for our drilling application.

3.5.4 Hybrid force/position

To verify that the proposed hybrid force/position controller would work when moving the
point of contact, an experiment was done by my colleagues Saman Vafadar and Antoine
Harlé with the experimental setup shown in Figure 3.29. A F/T was rigidly fixed to
the robot’s table (in the sole aim of measuring the contact force), and a piece of wood
was attached to the F/T sensor thanks to a plastic adaptor piece. The proposed hybrid
controller was then used to control the force along the z-axis to a desired Fy; =10N,
while the x and y axes were used for position control (So ¢ = diag(0,0,1,0,0,0) and
S, = diag(1,1,0,1,1,1)).s. The speed along the x-axis, Tq/e, Was set constant to 1
cm.s~!, while the robot displacement on the y-axis drew a sine wave with an amplitude

of 30mm at a frequency of 1Hz.
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FIGURE 3.29: Experimental setup used for the hybrid force/position experiment. The
tool moved normally to a wooden surface while regulating its normal interaction force.

The position-controlled movement did not disrupt the force control on the z-axis.
The resulting plots in Figure 3.30 show that the contact between the plastic tool and
the wooden piece during the sliding motion created high frequency noise on the force
measurement f.. This is due to the wooden surface texture. However the servoed signal
fe remained smooth and the error between the f. and the desired force remained quite

small (maximum error of 0.1N).

Force(N)

Position (mm)

-20 ! ! ! ! J
0 2 4 6 8 10

Time(s)

FIGURE 3.30: Behavior of the proposed hybrid position/force controller when sliding
on a wooden surface while applying a constant force of Fy = 10N.
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3.5.5 Conclusion on the Cartesian implementation

All the experiments presented in this section have demonstrated that using the pseudo-
force feedback is more robust than using the conventional approach with F/T measure-
ments. The system is stable for a wide range of the proportional gain A. Moreover, the
system is robust to the nonlinearities incoming with impacts on various environments
even at high impact speeds. The tests realized prove that this controller will be stable

both on soft and hard contacts.

In the case of our medical drilling application, vyax does not need to be as high as in
the lab experiments and can be set to the max allowed drilling speed. Also, this approach
allows to remove switches commonly used between force and position controllers, to first

approach contact, and then regulate the interaction force.

Additionally, the implementation on the Cartesian controller corrects the coupling

effect happening on the joint impedance application.

Another interesting fact coming from this approach is that the surgeon can interact
directly on the tool or anywhere on the robot to lift the instrument or apply additional
force if necessary. This is possible because what is regulated is only the force that the
robot induces with its displacement and not the total of the forces applied at the tip of
the tool. One of the downfalls of this approach is that, since the feedback is not done on
real force measurements, it might not be adapted to applications where the forces have

to be strictly limited to some bounds.

Conclusion

A priori, explicit force specification within the impedance control framework is only
possible when the environment stiffness and position are known. Among all the control
architectures found in the literature, the idea of using a pseudo-force feedback built from
the position error and the desired stiffness imposed by a low-level impedance controller
has been only rapidly disclosed [Stolt et al., 2012; Borghesan et al., 2012|, without any

robustness analysis.

The observed behavior is very robust, although the approach is straightforward in
practical implementation. With the KUKA robot and its inner impedance controller, we
only had to implement Equation (3.28) and tune two scalar parameters: the proportional

gain A, and the saturation velocity vpax.

By observing the experimental results again, one may understand that the funda-

mental reason for the proposed approach is robustness. For experiments with a low
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stiffness environment, the force signal mostly contained low-frequency components, lead-
ing to a very similar behavior between the measured force feedback and the pseudo-force
feedback. Indeed, in this case, fe can be seen as a reasonable approximation of f.. For
high stiffness experiments, when the high-frequency components of the force signal f.
became high, our approach had the advantage of not feeding them back. The signal
fe excludes the high-frequency components. Interestingly, this is not obtained through
low-pass filtering, which would add poles within the closed-loop bandwidth and induce
more stability issues. It is instead obtained from the unfiltered measured and desired

position signals.

The advantages of the proposed approach could also be helpful for other applica-
tions involving contact tasks such as deburring or grinding or any other application that
requires applying an approximate force while also rejecting undesirable high-frequency

disturbances.
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The previous chapter has presented and evaluated a cooperative robotic system
and controller for bone drilling. The following sections focus on using a bio-electrical
impedance sensor embedded in the drilling instruments to detect bone breakthroughs in
real-time. The intended goal of this work is to make spine surgery safer by preventing
the instrument from reaching dangerous areas. This safety feature idea is tested in this
chapter to stop autonomously bone drillings right at the interface between bone and
surrounding tissues. A large amount of data has been collected from ex-vivo and in-
vivo experiments to finally create an algorithm able to account for the variability of the

anatomical model.
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4.1 Using a drill bit embedding conductivity sensing

In this section, a first bone breach detection algorithm is built from anatomical knowledge
and a conductivity signature analysis. Data collected from an in-vivo experiment, with
a prototyped drill bit instrument embedding an electrical conductivity sensor, challenges

the initial expectations.

4.1.1 Expected conductivity pattern

The two trajectories considered in this thesis, i.e., pedicle and spinous process drillings,
have been detailed in Section 2.2.3. Figure 4.1 compiles all the possible breaches for
these desired trajectories. A correct pedicle trajectory (A) can lead only to a breach
of the vertebral body, but misplaced pedicle trajectories can also induce lateral (C) or
medial (B) breaches. The breach can only happen inside the vertebral canal (D) when

drilling in the spinous process.

=% Spongious bone
I Cortical bone

Breach in the
vertebral canal

I Entry-point
Bl 1 Drilled path

& Breach - e = '/Lateralbreach

Medial breach

FIGURE 4.1: Possible breaches for the considered trajectories: (A) of the vertebral
body, (B) medial, (C) lateral, (D) in the spinous canal.

For all the experimental drillings presented in this chapter, the first cortical bone was
(partially or entirely) removed with a bone awl, as is usually done during free-handed
spine surgery procedures. This manual preparation of the entry-point avoids skiving
(meaning slippage of the tool on the bone) or deflection of the tool’s tip when entering
the bone |Crawford et al., 2020].
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According to Figure 4.1, whatever the instrument’s path, the instrument’s tip will
always pass through the same series of bone layers (see Section 1.1.1). Indeed, once
the tool is positioned inside the bone, it first travels through spongious bone and finally
reaches a cortical layer at some point. This is true for all considered trajectories, but the
instrument might enter soft tissues either in the vertebral canal (like on trajectories (B)
and (D)), or outside the vertebra(on trajectories (A) and (C)). One of the advantages
of drilling in the spinous process is that a breach can only happen in the inner cortical
layer that protects the spinal cord, i.e., in the spinal canal, leading to more reproducible

breaches.

The bone conductivity is directly related to the amount of fluid in the bone, and
the signal is somehow linked to the bone density. Thus, conductivity measurements
are expected to be lower in cortical layers than in spongious ones and very high when
reaching soft tissues. Considering these anatomical facts and the desired paths, the
conductivity signal should always draw the same specific pattern during drillings. Hence,

the corresponding signature was expected to be close to Figure 4.2.

Conductivity

et/ R e O g S R T

Depth

FIGURE 4.2: Expected electrical conductivity signature during bone drillings.

After the entry-point, measured conductivity values should be medium while the
instrument stays in cancellous bone, then low when reaching a cortical layer, and rel-
atively higher when breaching the outer bone layer. Interestingly, the sensor measures
the conductivity a few tenths of millimeters ahead of the physical sensor tip. Indeed, as
depicted in Figure 4.3, when the bone is in contact with the electrodes (inner and outer),
then the current flows from the inner electrode to the outer one [Bolger and Bourlion,
2005]. The sensor, thus, will measure the conductivity of a volume of bone material that
is ahead of the tip, which can allow for anticipating highly conductive soft tissues getting

closer to the pyramidal shape.
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Low conductivity flow

>
P Medium conductivity flow
mssssnlp  High conductivity flow

Outer electrode

Inner electrode

FI1GURE 4.3: Electrical flow at the tip of the instrument.

4.1.2 First detection algorithm

The first version of a detection algorithm was developed from the expected conductivity
signature associated with bone drilling, as depicted in Figure 4.2. The idea was to first
wait for low conductivity values — describing an approach to a cortical layer — and then

watch for a significant increase.

Algorithm 1 details the implementation of this detection method. It requires only
the live conductivity measurements o, and two parameters: o. is the low threshold
value designating the instrument entering a cortical layer; Ac is the maximum allowed

conductivity variations from the lowest recorded value.

Algorithm 1 First breach detection algorithm
Input: o, conductivity measurement
Parameters: o, cortical bone conductivity threshold
Ao > 0, maximal conductivity variation once o, is reached
Output: Alert, alert flag used to stop the drilling

Cortical + false
Alert + false
Omin ¢ +00
while not Alert do
Omin < MiN(Gpmin, 0)
if not Cortical and (0 < 0.) then
Cortical < true
end if
if Cortical and (0 > opin + Ac) then
Alert < true
end if
end while

The frequency of the conductivity acquisition cadences the algorithm loop and so

runs here also at 5Hz.
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4.1.3 First in-vivo measurements

With the will to automatize the breach detection for a real-case scenario, conductivity
measurements have been acquired in-vivo to verify if it would be possible to automatically
stop bone drillings by monitoring only electrical conductivity variations. To do so, the
expected conductivity signature has been compared to data collected on anesthetized
pigs at the veterinary school (see details about the in-vivo setup in Section 2.2.2) with

the preliminary robotic setup (shown in Appendix A).

Figure 4.4 shows the collected conductivity and robot displacement signals during a
spinous process drilling (see Section 2.2.3), with a standard drill bit prototype (presented

in Figure 2.3), at 5Hz. We can see much resemblance to the expected signature in the
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FIGURE 4.4: In-vivo conductivity and tool displacement measurements collected during
a spinous process drilling of a pig’s lumbar vertebra. This recording is pretty close to
the expectations.

conductivity signal. Indeed, the signal is steady between t=>5s and t=30s, corresponding
to the spongious bone, then drops to low values and finally increases drastically. But we
can also observe some differences: the first seconds of drilling exhibit high conductivity
values due to the presence of some blood in the pre-hole; secondly, even if the tendency
is relatively steady, we can observe many variations within the cancellous bone due to

the inhomogeneity of bone material.

The tool’s displacement on the z-axis, AX,, shows that the insertion speed is rela-
tively steady for the first 35 seconds, then decreases due to a more rigid bone structure.
Around t=42s, a high acceleration indicates that the instrument is done piercing the
bone and starts diving in the spinal canal. The oscillations observed in this plot are

due to breathing. The robot follows the motion induced by breathing thanks to the
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proposed force control (presented in Chapter 3). The force was regulated at 10N during

this experiment.

Unfortunately, some conductivity signals present fewer similarities to the presumed

pattern, like those shown in Figure 4.5. For instance, in Figure 4.5A, the conductivity
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FIGURE 4.5: Variability of the electrical conductivity signals measured during spinous

process drillings with the same instrument as the one used in Figure 4.4 and on different
lumbar levels of the same pig.

decrease is perturbed by an upwards oscillation around t=60s. In Figures 4.5C and 4.5D,
the decrease in conductivity is less distinct than in Figure 4.4. Furthermore, Figure 4.5B

is even more complicated to interpret, as the conductivity never exceeds 200 mV.

Algorithm 1 was tested retrospectively on the data of 11 in-vivo drillings with dif-
ferent values for o, and Ao but led to unsatisfactory results. Indeed, the best-estimated

score was 54% (6/11) of success (with o, = 300mV and Ao = 300mV).

This first guess algorithm was a good start but is too simplistic. In order to cope
with the variability, incoming with bone porosity or patient morphology, and achieve high

success rates, we need a more extensive collection of data and a more adapted algorithm.



4.2. Ex-vivo data collection 79

4.2 Ex-vivo data collection

The first in-vivo experiments presented in the previous section could not allow for col-
lecting a large amount of spine bone drilling data — since a pig only has 5 to 7 lumbar
vertebrae, and we wanted to limit animal sacrifice to the bare minimum. An ez-vivo
experimental setup has thus been developed to more easily gather meaningful signals in
higher quantities. Then, the collected data permitted improving the breach detection
capabilities by taking account of the insertion depth.

4.2.1 More data collected

The ez-vivo setup based on lamb vertebrae from the butcher’s shop has been presented
in Section 2.2.1. It allowed for executing numerous drillings without the cumbersomeness

of in-vivo animal experimentations.

A few drillings have been performed on lamb vertebrae without the breathing ma-
chine to evaluate the lamb model individually and compare it to the porcine in-vivo

model. Figure 4.6 shows two drillings along the spinous process path. Overall, we ob-
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FIGURE 4.6: Sample of data collected on the ex-vivo model without the breathing
simulation system.

served similar conductivity variations to those collected on the in-vivo setup. Still, the
lamb bones are smaller and harder than those of pigs, leading to lower conductivity

values in general.
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Here, without the breathing motion or environment deformation, the robot displace-
ment on the z-axis, AX,, corresponds to the insertion depth of the tool inside the ver-
tebra. We can see that the depth derivative can also indicate the mechanical impedance
variations since the insertion speed lowers down at the end of the drillings. Moreover,
we even see a correlation between the depth slope and the conductivity signal increase

on this second drilling, between t=25s and t=45s.

Similar experiments have been conducted with simulated breathing to make the
model more realistic. Figure 4.7 shows the resulting conductivity and robot displacement
signals for 4 different drillings with vertebrae positioned on top of a machine inducing

periodic displacement of a few millimeters (presented in Section 2.2.1.3).
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FIGURE 4.7: Sample of data collected on the ex-vivo model with simulated breathing.
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Again, we get quite a lot of variability in the conductivity signals. The induced
periodic displacement of the vertebra does not seem to disturb the conductivity mea-
surements since the breathing frequency does not appear in the sensor’s signal. This
can be interpreted as an advantage of using a force controller that maintains constant

contact conditions between the instrument’s tip and the bone tissues.

4.2.2 Insertion depth estimation

In order to extract the depth information from the robot displacement, we filtered the
A X, signal to estimate the tool’s insertion inside the vertebra. We used a moving average

with a 3s-window to get a simple estimation, as shown in Figure 4.8.
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FIGURE 4.8: Estimation of the insertion depth with a moving average function.

This filtering induces delay, which is problematic, especially if we want to stop the
robot by monitoring high accelerations. Since we are, in this work, focusing on the
conductivity signal, this delayed depth signal was enough to improve the breach detection
algorithm. Still, a work presented in Appendix D shows the premises of a proper method
taking advantage of the force controller to extract the breathing motion from the tool’s

displacement.

4.2.3 New algorithm using the insertion depth measurements

The breach detection processing has been modified to be more versatile to cope with
the variability of the measured conductivity signal. The first idea was to compute signal
variations w.r.t. the depth rather than w.r.t time. This aims at amplifying signal vari-

ations when the instrument drills the cortical bone. Indeed: %‘Z = %% ~ z%g , Where

z is the depth. In other words, at low velocities, % is amplified w.r.t %—f. So, the signal
variations will be lowered in the spongious bone and amplified in the cortical bone where
the alert is to be produced since the drilling is slowed down in this area (via the force

controller).
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To do so, new variables representing the maximum increase and decrease of conduc-
tivity over a depth-related window have been introduced. Moreover, the output detection
flag Alert is now a combination of three criteria to monitor several possible scenarios

simultaneously. Algorithm 2 details the implementation of each criterion:
e Aq, allows to stop if the conductivity value goes over the conductivity values usually
measured on bone tissues o;,42.

e A,, monitors local fast increases of conductivity Ac;o over the last Az millimeters.

e Ajs, reimplements the logic of Algorithm 1 by watching decreases of Ao, (pene-
trating cortical bone) followed by increases of Ao (reaching soft tissues) on the

last Az millimeters.

Algorithm 2 Second breach detection algorithm
Inputs: o, k-th conductivity measurement; z;, k-th depth measurement
Parameters: 0,,,;, maximum conductivity threshold
dmin, minimum depth to drill before detection starts
Az, millimeters to take into account for gradient computation
Ao;1, small conductivity increase threshold
Aoc;2, high conductivity increase threshold
Aoy, small conductivity decrease threshold
Output: Alert, alert flag used to stop the drilling

Y [E ok, Z <+ [Z z] > Constructing lists

if 2z, > dyn then
Ay 0 > Omax
m <— argmin |Z (i) — (z, — Az)]
i {1k}
n < argmin X(7)
i€ {m--k}

A2 <<i£ﬁ?‘k}z(i>) - Z(”)> > Aojg

A (o =) = 20)) > Ags and (( max 50) - 50)) > Ao

Alert < Alert or A or Ay or As
end if

To try Algorithm 2 in real difficult conditions, the algorithm was tested on data
collected on the ex-vivo setup with the simulated breathing (an approximative breathing
period of 3s). The retrospective application of this algorithm on 17 drillings, with many
sets of parameters, returned a maximum success rate of 94% (16 successes and 1 false-

positive) with the parameters of Table 4.1.

One inconvenience of this new implementation of the breach detection algorithm
is that there are six different parameters to tune. Moreover, this method showed to be

highly sensitive to the tuning of its parameters, as adjusting slightly one of the parameters
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Omaz 500 mV dmin 5 mm
Az 1.5 mm yANZ) 160 mV
Aoy 140 mV Aoy 120 mV

TABLE 4.1: Best selection of parameters for Algorithm 2 on the ex-vivo model with
the standard drill bit prototype, leading to a 94% success rate on 17 lamb vertebrae.

can create more false positives (too early: stops more than 2mm before the interface) or

false negatives (too late: stops more than 2mm after the interface).

Furthermore, even with these optimized parameters, we have observed that some-
times the detection was triggered after the robot had started cracking the cortical bone.
Algorithm 2 thus tended to actuate the security stop a bit late after the tool started
accelerating its course towards the spinal canal. For instance, in Figure 4.9, we can see
with the AX, signal that the robot starts accelerating around t=78.7s and would be
stopped by the breach detection algorithm at t=79.2s. In that short lapse of time, the

robot would have had the time to move by 1.3mm.
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FIGURE 4.9: Example of a late stop with Algorithm 2 showing the tool can quickly
accelerates after bone breakage.

In the following, in order to prevent accelerations once the cortical bone starts break-

ing, we will try to:

1. Get more frequent measurements to increase the reactivity of the breach detection.
Indeed, since the sensor returns the conductivity signal at only 5Hz, then the worst

reaction time so far was 0.2s.

2. Modify the instrument to make it mechanically safer, by preventing it from diving

into the spinal canal when the bone is fractured, and the detection is late.
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4.3 Adapting the instrument to robotic breach avoidance

From now we will be using the improved experimental setup presented in Chapter 2, and
switching from the standard drill bit to the threaded instrument; Which presents the

following mechanical advantages for the automation of pedicle screws placement:

1. The helical link between the bone and the drill created by the threads allows to
completely control the insertion speed with the rotation speed. Thus, the robot
will not dive if the bone is breached. In other words, the axial force needed to

compensate for breaking the bone is not a danger anymore w.r.t. breaching.

2. Once the first thread is attached to the bone, the insertion depth of the tool can

be directly computed from the number of rotations of the instrument.

3. The contact between the sensor at the tip of the instrument and the bone is guar-

anteed as the instrument is screwed into the bone.

From then, with the new threaded instrument, the conductivity image in milli-volts
will be measured at 25Hz, which impacts the measurements. Thus, the following con-
ductivity signals can not be directly compared to the previous measurements at 5Hz due

to changes in electronics and instrument shape.

Data over a hundred drillings using this threaded instrument was collected with the
same experimental conditions to create a representative database. Furthermore, all the
following experiments used the improved robotic setup presented in Chapter 2. From
this data, a newer breach detection algorithm was deduced that could have stopped all

drillings in proximity to the bone limits.

4.3.1 Qualitative breach data

In order to collect more qualitative data on bone breaches, several improvements to the
ez-vivo setup have been made. The complete setup, shown in Figure 4.10, comprises

several components that were detailed in Chapter 2:

1. A robotic arm pre-certified for medical applications.

2. A self-made velocity-controlled power drill allows to measure simultaneously the

cutting torque during drillings.
3. A threaded cutting instrument embedded with a conductivity sensor at 25Hz.

4. A transparent box with a clamping device allows fixing the vertebra while immerg-

ing the vertebral canal with a saline conductive solution.

5. A camera recording the interior of the vertebral foramen.
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Power drill

Threaded
instrument

Saline bath
Lamb vertebra

KUKA LBR Med Camera

FIGURE 4.10: FEz-vivo experimental setup comprising a medically certified robotic arm,
a velocity-controlled power drill, a threaded instrument with conductivity sensing, a
camera, and a lamb vertebra in a saline bath.

With this setup, we were able to synchronously measure the robot’s displacement,
bone conductivity, and cutting torque while recording a video of the instrument breaching

out from the bone.

The videos were then watched frame by frame to determine precisely when the in-
strument started breaking the bone surface. As explained in Figure 4.11, we considered
the first visible deformation inside the vertebral canal to be the beginning of the bone

breakage. Since the recordings were at 30 FPS (frames per second), the time precision

FIGURE 4.11: Visualization of the bone deformation and breach inside the vertebral
when using the threaded instrument. The image framed in red corresponds to the
timestamp when we consider that the tool starts leaving the bone.
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of this instant is 33 ms. The associated timestamp was then used to report the ideal
stopping time for the breach detection algorithm on the sensors’ plots. From that times-
tamp, and thanks to the insertion depth signal, an acceptable stopping zone of +£2 mm
around the breach instant was constructed. This limit was chosen to allow only grades
A and B of the Gertzbein-Robbins classification |Gertzbein et al., 1990] for pedicle screw

placement and to ensure that we stop close to the interface.

Figure 4.12 shows an example of data collected from one drilling. This time, we can
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FIGURE 4.12: Example of data collected with the improved setup. The dashed line
indicates the time instant when the bone starts to break. The green area represents
the safe stopping zone of +2mm constructed around this timestamp.

see that the robot’s velocity, i.e., the insertion speed within the bone is controlled and
steady after a few seconds, thanks to the threads on the instrument. The electrical con-
ductivity variations are similar to those collected with the drill bit prototype in Section
4.2. The reported timestamp — indicating the instant when the inner cortical bone starts
being deformed — corresponds most of the time to a local minimum of the conductivity
signal. Also, the cutting torque, which is derived from the power drill’s electrical current
signal, is informative as well since the breach instant seems to correspond to the maxi-
mum of the torque signal. However, we decided not to use this information in order to

check if conductivity alone could be sufficient.

4.3.2 Quantitative drill-through data collection

In order to generate a quantitative database of these qualitative breaching signals in
the spinal canal, the ex-vivo setup mentioned above was used for the continuous drilling

of 100 lamb lumbar vertebrae with the same instrument. The rotation speed of the
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motor was servoed to w = 30rpm, leading to an insertion speed of 0.5 mm/s. The force
controller of Chapter 2 was used with a desired control force F; = 10N. In practice,
thus, force control is useful for breath compensation in an in-vivo setup, but also for the

initial penetration of the threaded drill: until a few threads are anchored in the bone.

Figure 4.13 shows a sample of the collected data. Like with the first experiments
using the standard drill bit prototype (Figure 4.7), the conductivity signals show a lot

20+t 1 20t
E - E
= | =
810 ! %10
o 1 [a)

0 1 0

500 r 500 |

500 ¢

Torque(mNm) Conductivity(mV)
o
Torque(mNm) Conductivity(mV)

Time(s) Time(s)

N

o
N
o

Depth (mm)
H
o

Depth (mm)
[EY
o

o
o

500 | 500 |

500 ¢ !

Torque(mNm) Conductivity(mV)
o

Torque(mNm) Conductivity(mV)
o

0 20 40 0 10 20 30 40 50
Time(s) Time(s)
FIGURE 4.13: Sample of drill-through data collected with the threaded instrument

on the ex-vivo model. The conductivity and cutting torque signals still show a lot of
variability from one vertebra to the other.
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of variability between drillings. This also appears to be the case for the torque measure-

ments.

4.3.3 Improved detection algorithm

The detection algorithm was modified from observations made on the newly collected

data and the behavior of the previous Algorithm 2.

First of all, we realized that the conductivity would not decrease when approaching
the inner cortical bone for half of the recordings. So we decided to remove the criterion

(alert A3) that watched decreases in conductivity, as it mainly created false positives.

Secondly, right after the breach, the conductivity values are pretty high and usu-
ally higher than the values measured near the entry-point. To reflect this fact in the
breach detection, we kept the idea of the high threshold parameter introduced for Algo-
rithm 2 (alert A1) but made it self-tuned (with the o parameter) from the conductivity

measurements collected after the entry-point (when z € [dpin — Az, dimin))-

Moreover, the increases in the conductivity are even more explicit than the high
values themselves. Most of the time, the transition from the cortical bone to the outer
tissues is abrupt and easy to interpret visually. That’s why the As criterion was kept

from Algorithm 2 to 3.

The resulting breach detection function is based on two independent criteria whose
computations are detailed in Algorithm 3. The algorithm only requires an estimation of

the insertion depth and the conductivity measurement.

The parameter 0,4, value was chosen as small as possible while not creating any
false-positive in cancellous bone. Then, the o parameter was selected with the same
process. Overall, they allowed the criteria A; to stop in the +£2mm zone in 97% of the

cases with 0,4 = 500mV and o = 2.4.

The parameters Az and Ag; were optimized together to stop the closest to the -2mm
limit. The best result was obtained a posteriori with Az = 2mm and Ac; = 230mV,

which gave a 99% success rate.

Together, with the optimized parameters for each criterion, the two flags could have
stopped the 99% of the drillings in the safe zone, with a 0.70mm mean around the exact

bone limit and a standard deviation of 0.52 mm.
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Algorithm 3 Third breach detection algorithm
Inputs: o, k-th conductivity measurement
zk, k-th depth measurement
Parameters: 0,,,;, maximum conductivity threshold
a, gain for the adaptable conductivity threshold
dimin, minimum depth to drill before detection starts
Az, millimeters to take into account for gradient computation
Ao;, small conductivity increase threshold
Output: Alert, flag used to stop the drilling

Y [X ok, Z <« [Z zi] > Constructing lists

if 2z, < dpin then
Alert + false
if 2z, < dpin — Az then

j—k
else A
o (k—J—]cl)?7»+Uk
—J
end if
else

Ay « o > min(omar, @ o)
m < argmin |Z (i) — (zx — Az)]
ief{l-k}
n < argmin (1)
ie{m-k}
Ag << max Z(z)) - Z(n)) > Ao;
i€ {n--k}
Alert < Alert or A or Ay
end if

4.4 Final experimental results

To validate experimentally the efficacy of Algorithm 3 to prevent bone breaches in real-
time, the new breach detection algorithm was tested both in ez-vivo and in-vivo active

experiments.

The robot control, materials, and methods were the same in both scenarios. A pre-
hole was manually made with the bone awl in the vertebra’s spinous process. Then, at
the beginning of the procedure, the hybrid position/force controller was used to allow
cooperation between the surgeon and the robot to position and orient the instrument
properly at the entry-point. To do so, all Cartesian axes were force-controlled to null
forces/torques (S; = diag(1,1,1,1,1,1) and Fy = 0) with deadzones, in a first phase.
Once positioned in the entry-point, the controller was then used with a constant tip
position and zero desired moment (S = diag(0,0,0,1,1,1)), allowing only to orient the
instrument towards the spinal canal. Next, with a simple click on a GUI, the deadzones

are removed and the force controller is used to apply a constant force of Fy;=10N along the
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tool’s axis (S = diag(0,0,1,0,0,0)). Finally, another click started the drilling algorithm
at a constant rotation speed (w = 30rpm) leading to an equivalent feed rate of vges =

0.5mm/s, along with the breach detection process.

4.4.1 Ex-vivo (lamb)

The same setup as the one used for data collection of breaches was employed to test
Algorithm 3 in action on 104 ez-vivo lamb vertebrae (see Figure 4.14). The parameters
chosen for the breach detection were the same as those identified from the ez-vivo data
collection (see Table 4.2).

FIGURE 4.14: Setup used for the ez-vivo experimentations to validate Algorithm 3.

The 104 drillings were all automatically stopped. More importantly, after each
drilling, a surgeon has verified via palpation with a ball-tip feeler that the instrument did
not fully breach outside the bone. Moreover, the video feed recorded from the camera
allowed us to visually verify that the instrument did not entirely pass the vertebral wall
(see Figure 4.15B). This confirmed that they were no false negatives and that none of

the drillings were breached entirely.

Omaz 500 mV « 2.4
Az 2 mm Ao; 230 mV
dmin 5 mm

TABLE 4.2: Parameters of Algorithm 3 optimized and used for the final ez-vivo drilling
study on 104 vertebrae that were all stopped in a +2mm zone around the interface
separating the bone from the spinal canal.
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Additionally, a post-operative CT scan analysis confirmed that all drillings were
stopped within less than 2mm from the bone interface — so they were no false positives.
Moreover, a few vertebrae were passed through a micro-CT scanner to better visualize

the resulting hole drilled inside the spinous processes (see Figure 4.15C).
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(A) Collected signals in function of time (C) Post-op micro-CT scan

FIGURE 4.15: Data collected from one autonomously drilled lamb vertebra. (A) Depth,
conductivity, and cutting torque live signals in function of time. The green area rep-
resents the acceptable stopping zone. (B) Image captured at the end of the drilling,
showing that the bone is pushed inside the vertebral canal. (C) Post-operative micro-
CT scan of the vertebra illustrating a small crack of cortical bone, but no actual breach.

The post-processing of the synchronized robot logs and webcam videos permitted to
position, again, a safe stopping zone on the graphs (shown in green in Figure 4.15A).
This allowed quantifying the displacement made once the bone was pushed inside the
vertebral canal. A CT scan measurement was used instead for some drillings where
no bumps were visible on camera. In those rare cases, the distance from the interface
appeared to be really small and was considered null. The results for the 104 vertebrae
are condensed in a histogram in Figure 4.16. On average, the stopped drillings pushed

0.65 mm of bone in the vertebral canal, with a standard deviation of 0.4 mm.
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FIGURE 4.16: Histogram of the resulting distances to the bone interface for the 104
automatic stops of the quantitative study using Algorithm 3 and the threaded drill bit.

4.4.2 In-vivo (pig)

Finally, the breach detection Algorithm 3 was also tested in-vivo on the lumbar vertebrae
of a living pig (Figure 4.17). Please note that the insertion depth was here estimated
from the rotation of the threaded instrument since the AX, signal here includes the

breathing motion.

FIGURE 4.17: Experimental setup at the veterinary school to test automatic drillings
with Algorithm 3 and the threaded drill bit on a living pig.

Two initialization trials (manually stopped) were performed in L5 and L6 in order to
measure breaches with the new setup and adapt the parameters of Algorithm 3 to this
new anatomical model. Indeed, thanks to the previous in-vivo experiments, we expected
living pig bones to behave differently from ex-vivo lamb bones. «, being hard to tune
without numerous trials, was not used on the in-vivo conditions (so o — 00). dpin Was

not changed, and Az rounded to 2mm. o,,,, and Ao; were then tuned so that they
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would have both triggered their associated Alert criterion (A; or Az) on the two trials.

The parameters used for the in-vivo experiments are displayed in Table 4.3.

to

Omaz 400 mV Amin 5 mm
Az 2 mm Ao; 200 mV

TABLE 4.3: Parameters used for the final in-vivo experiments with Algorithm 3.

Then, 4 drillings were performed in the spinous process of the pig (from level L4

L1), for which the robot stopped automatically. In these 4 experiments, 2 were

stopped thanks to the A; criterion, and the other 2 with A,. After each drilling, the

integrity of the drilled path was checked with a ball-tip feeler, revealing that there was

still some cortical bone left. A post-operative scan of the four vertebrae confirmed that

the instrument’s tip did not penetrate the spinal canal fully. Leading again to a 100%

success rate, but only with 4 drillings.

Figure 4.18 shows the signals measured when drilling the L1 vertebra, and the asso-

ciated CT image of the resulting hole in the spinous process. Data for the four in-vivo

drillings are shown in Appendix E.
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(A) Real-time measured data (B) Post-operative CT scan

FIGURE 4.18: Automatic stop performed in-vivo with Algorithm 3 (with parameters

of Table 4.3) and the threaded drill bit prototype in the spinous process of a lumbar

pig vertebra. (A) Depth, conductivity, and cutting torque live signals in function of
time. (B) Post-operative CT scan shows no actual breach.
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The displacement induced by the pig’s breathing is similar to the ones seen in the
first in-vivo experiments. But this time, the overall insertion speed is constant due to the
nature of the new instrument. The breathing does not affect the conductivity signal since
no low-frequency oscillations appear in the conductivity measurements. On average, the
required cutting torque was lower than for the ex-vivo lamb experiments but showed the

same dynamics in this model.

This quick experiment showed that even with very little data, the parameters for
Algorithm 3 could be adapted for in-vivo and allow for stopping on time in real operating

conditions.

4.4.3 Conclusion on experiments

The CT scans and the recorded videos ex-vivo showed that the detection happens when
the cortical bone starts to crack, i.e., before the hole is thoroughly drilled. The videos
of the preliminary experiment also allowed us to visualize the bone deformation (bump)

happening in the vertebral canal before bone perforation.

All the drillings of the ex-vivo and the in-vivo experiments were graded A or B with
the Gertzbein-Robbins classification, which is clinically acceptable. In comparison to
articles in the literature evaluating the performances of current robotic systems, they
can only give the ratio of wrongly placed pedicle screws during actual surgeries, or the
precision of placement with respect to a pre-operative plan. This is not the same as
when intending to voluntarily target the spinal canal and stop. Moreover, notice that
in our experiments, the trajectory (via the spinous process) used was perpendicular to
the spinal canal, which corresponds to a worst-case scenario in terms of penetration —

compared to medial or lateral breaches happening during pedicles drillings.

These preliminary results are very encouraging but still need to be reproduced on
a quantitative in-vivo setup to ensure the transferability to a living model. Moreover,
future work will need to be validated on actual pedicle trajectories, not spinous processes.
Furthermore, the method needs to be confronted with a human model for validation. To
that end, a non-robotized study was performed at the Trousseau hospital to collect
conductivity signals associated with human pedicle preparations. Dr. Raphagl Vialle,
Elie Saghbiny, and Célia Chaimi used the medical pedicle probes commercialized by
SpineGuard (PediGuard DSG Connect), to collect conductivity measurements during

scoliosis corrections [Saghbiny et al., 2022].
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Conclusion

With the idea to provide an additional online safety check for robotized spine surgery,
a breach detection algorithm using electrical conductivity and an estimated insertion
depth measurement was developed from hundreds of ez-vivo measurements on lamb

lumbar vertebrae drillings.

A quantitative study of 104 experimental drillings was performed on ez-vivo lamb
vertebrae and got a 100% success rate. All the drillings were autonomously stopped
at the interface (£ 2mm) between the bone and the spinal canal. This success was

confirmed in-vivo in a veterinary operating room on a living pig on 4 lumbar vertebrae.

These results are really promising and are of great interest for the future of robotic
spine surgery. Furthermore, we believe that electrical conductivity could also prove

helpful for other types of orthopedic surgeries.
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The interest in new solutions for surgical robotics is still high after three decades
of research and innovation. Research laboratories and companies worldwide team up to
develop new robotics tools to improve surgical workflows. But, to be further accepted by
the medical community, surgical robots need to prove that they bring additional features,
compared to the classical tools currently used in the operating room. A crucial issue is

to improve the surgical outcomes for the patients.

In spine surgery, accuracy and safety are the key elements. Because of the proximity
to the spinal cord, errors of a millimeter could lead to irreparable neural damage, para-
plegia, or even death. For this reason, many patients suffering from back problems will
never be operated on, as some surgeries are considered too risky relative to the potential

benefits for the patient.

We consider the contributions in this thesis as steps towards safer spine surgery and

future automation of pedicle screw placement.

5.1 Summary of the contributions

The mid-term goal of this research was to develop a robotic system able to automatically
and safely insert pedicle screws in a vertebra without the use of X-ray imaging devices
but by monitoring the bio-electrical conductivity of the bone tissues along the trajectory.
Indeed, safety checks in spine surgery are often associated with methods relying on X-ray

radiation which can cause long-term effects on both the patient and the clinical staff.

97
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To remove the need for imaging techniques, this work’s main objective consisted of
stopping autonomously bone drillings when reaching the bone interface thanks to real-
time conductivity measurements embedded in the surgical instruments. A bone breach
detection algorithm has been developed to detect a change of bone medium during a
pedicle preparation. The stopping criteria and parameters were identified from conduc-
tivity and robot measurements gathered during bone breaches performed on ex-vivo lamb
vertebrae. The tuned algorithm then allowed the drilling instrument to stop close to the
bone interface (with an average of 0.65mm and a standard deviation of 0.4mm) on a
set of 104 lamb vertebrae. The same algorithm was then tested in-vivo on pig surgery
to validate the setup in actual operative conditions. Two drillings were used to adapt
the tuning parameters, then the algorithm allowed to stop successfully the four other

drillings performed on the lumbar vertebrae of the animal.

To reach this goal, a cooperative robotic setup comprising a medically graded robotic
manipulator (KUKA LBR Med 7) has been developed throughout the thesis. A home-
made velocity-controlled power drill was conceived at the ISIR laboratory to be able to
perform drilling and screwing tasks while measuring the required motor torque. More-
over, drill bits embedding a bipolar conductivity sensor were especially prototyped at

the SpineGuard company for the purpose of this work.

Moreover, to cope with the motion induced by the breathing of the patient and the
deformability of the human body, a lot of effort has been put into creating a robust
force controller that could be safe to use in surgical robotics applications. An innovative
approach has been proposed by using pseudo-force feedback (induced by an internal
impedance controller) instead of the classical method seen in literature consisting in
using the feedback from a force sensor. Experiments with various conditions (including

in-vivo setup) demonstrate the method’s robustness compared to the state-of-the-art.

5.2 Perspectives

Future work is required to turn this project into an actual medical product that could

operate on human patients.

First of all, during this thesis, most of the drillings have been performed on the
spinous process instead of on the pedicles to avoid potential growth cartilage (which
is also very conductive) present in the in-vivo pig model. To come back to the real
operative conditions, the breach detection algorithm would have to handle the high
measurements at the growth cartilage to avoid false positive detection. Moreover, the

algorithm has only been tested on animal models so far and will have to be adapted for
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application to human patients. The passive human bone conductivity data collection
during scoliosis surgeries presented in [Saghbiny et al., 2022| needs to be continued to
generate a significant database to reinforce the bone breach detection. Also, the FAROS
European project will probably conduct some tests on cadavers during the scope of the

project.

Many possibilities for improving the breach detection have been raised from the
cooperative work with the FAROS consortium. To begin with, a multi-modal approach
by using several different types of sensors could increase even more the robustness and
accuracy of the detection. Primarily, we have seen in our work that the use of the
cutting torque measurement seems promising and should be investigated further. Once
several sensors have been considered individually, intelligent combinations of the sensors’
signals through data fusion algorithms could combine the forces of each sensor type and
reduce the number of false detections. In particular, state-of-the-art machine learning

techniques could simplify associating the different sensor measurements.

Furthermore, we believe that the proposed breach detection based on electrical con-
ductivity could be transferable to other surgeries, such as knee replacement or dental

implantology, with proper adjustments to the robotics setup and tools.

Finally, we would like to investigate further the use of our hybrid position-force
control architecture. One aspect that could be explored is the control of forces applied
on an environment that deforms non-isotropically. This is a typical difficulty encountered
by surgeons: due to the large drilling force, vertebrae are displaced, and their orientation
change. The drilling direction is to be adapted accordingly in real-time. We could also
explore other robotics applications. In the context of this project, the force controller
could also be used to perform palpations or contact ultrasound scanning of the spine to
register the model of the spine w.r.t to the robot’s base. In industrial applications, our

approach could also be used to perform polishing, sanding, or grinding tasks.
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Appendix A

Preliminary robotic setup

In the early stages of the thesis, a different robotic setup was used to collect the
first in-vivo measurements and create the initial proof of concept. We used an AEG
manual power drill off the shelf and a KUKA LWR IV+ robotic arm. Figure A.1 shows
preliminary in-vivo setup used to collect the data of Figures 4.4 and 4.5 during our first
pig lab. All the other drillings presented in this document were using the setup presented
in Chapter 2.

FIGURE A.1l: Setup used during the first pig lab to collect the data of Figure 4.5.
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To control the commercial power drill from a computer, an Arduino board was used
to regulate the power delivered to the drill’s motor via a MOSFET. Moreover, a relay
and a 25W dissipating resistor allowed to quickly stop the rotation of the motor. The

circuit is shown on Figure A.2.
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FIGURE A.2: Arduino-based electronic circuit used to control the power delivered to
the power drill and its fast braking.



Appendix B

Power drill conception

Here we show the sketches and components’ references necessary to reproduce en-
tirely the power drill used in our robotic setup. Figure B.1 shows an exploded view of
all the parts composing the power drill. Figures B.2, B.3, and B.4 present the sketches
of the three plastic parts made with fast prototyping to protect the motor and its con-
troller. Figures B.5, B.6, and B.7 show the sketches of the three aluminum parts created
by Laurent FABRE, with the five-axis milling machine of the lab, to fix the instrument

w.r.t. the robot’s flange.

6 | 5 4 3 2

D ITEM NO. PART NUMBER DESCRIPTION QTY.
1 SmartDrill.01.01 motor cover - part 1 1
2 SmartDrill.01.02 motor cover - part 2 1

] 3 SmartDrill.01.03 motor cover - part 3 1
4 SmartDrill.02 coupling 1
5 Maxon 625859 drill motor 1
[ Gearbox drill gearbox 1

C 7 SPIRO-1 6 ROHM drill chuck 1
8 SmartDrill.03 attachment piece 1
9 SKF NKI 25/30 roller bearing 1

T Maxon 628094 EPOS4 .
10 ECAT 50 5Compact drill controller 1
n SmartDrill.04 spacer 1

B D/®

. O E
B, —
A [ VARG o DF PN v
Assem]
e Troon 1ot
6 | 5 4 ! 3 | 2 |

FiGURE B.1: Exploded view of the homemade power drill.
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50,00

SECTION A-A
30.00 SCALE3: 4

SECTION B-B
B SCALE3: 4 B

T

10,00

[sAuF NDICATION CONTRAIRE: — [FinimiON: (CASSER LES ANGER 1EC)
LES COTES SONT EN MILIMETRES ANGLES VIFS NEPAS CHANGER ECHELLE REVSION

ETAT DE SURFACE:

R2,00 TOLERANCES: I
B e

UNEARES:
ANGULARES:

NOM. SIGNATURE OATE TIRE:

UTEUR

vegir

e,

5.

MATERIAL: No. DE PLAN

SmartDrill.04 |4

e T Trooue oo

6 5 I 4 I 3 | 2 | 1

QuaL

A 10,00

34,00

24,00

FiGure B.7: Vertical spacer.



Appendix C

Ethical approval

EN . . .
MINISTERE Direction générale
DE LENSEIGNEMENT ' :
SUPERIEUR de la recherche et de I'innovation

DE LA RECHERCHE
ET DE LINNOVATION
j-“ﬁ_r,

Praeritd

Service de la performance, du financement et de la
ntr isation avec les organi de recherche

Département des i de

Cellule Animaux utilisés a des Fins Scientifiques - AFiS
Affaire suivie par : V. Delassault et V. Gomez

Tél: 01555597 27/7758

Meél : autorisation-projet@recherche.gouv.fr

1, rue Descartes
75231 Paris SP 05

Paris, le 21 décembre 2021
Autorisation de projet utilisant des animaux a des fins scientifiques

En application des dispositions du code rural et de la péche maritime, notamment ses articles R.214-87 a
R.214-126, le projet :
1. référencé sous le numéro APAFIS #32387-2021121609013639 v1
2. ayant pour titre : Validation in vivo de méthodes et d’instruments pour la chirurgie du rachis
assistée robotique.
3. déposé par I'établissement utilisateur : Plateformes Chauveau-PRBM/Neurobiologie, numéro
d'agrément E940462, dont le responsable est Monsieur Christophe DEGUEURCE
4. et dont la responsabilité de la mise en ceuvre générale et de la conformité a I'autorisation est
assurée par : Monsieur Elie SAGHBINY, Monsieur Guillaume MOREL, Monsieur Benoit
LECUELLE,
est autorisé.

L'autorisation de projet est accordée, sous réserve de la validité de I'agrément de I'établissement, pour une
durée de 3 ans a compter de la présente notification.

Le projet précité a été évalué sur le plan éthique par le comité d'éthique en expérimentation animale n°016
et a regu un avis favorable.

Ce projet n'est pas soumis a l'obligation d'une appréciation rétrospective a l'issue de sa réalisation.

Pour la ministre et par délégation
le chef du département des pratiques
de recherche réglementées

%

Laurent PINON

Monsieur Christophe DEGUEURCE
Plateformes Chauveau-PRBM/Neurobiologie

109






Appendix D

Breathing registration

We have seen in Chapter 4 that the measurement of the insertion depth in the bone can
be helpful in the breach detection algorithm. The difficulty of getting this measurement
relies on the fact that, except for bones, the patient’s anatomy can be deformed during
the drilling process. By applying a constant force on the patient, e.g. with our pseudo-
force controller, most of the deformation is induced by the breathing of the patient, and
almost periodic. This breathing profile can be identified in order to retrieve an estimation

of the depth of insertion in the bone.

The breathing time period can, for instance, be identified thanks to a Fast Fourier
Transform or auto-correlation functions, or simply recovered from the configuration of
the breathing machine used in the OR. A quick calibration phase, where the robot applies
a constant force at the entry-point, can then allow to identify the mean breathing profile
before performing the drilling, like shown in Figure D.1.
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FIGURE D.1: Mean (in red) of ten breathing motions (in blue) measured by applying
a constant 10N force on an in-vivo pig model on level L1.
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112 Breathing registration

Then, during the drilling procedure, this profile can be subtracted from the robot’s
displacement to estimate the insertion depth in real-time. Figure D.2 shows the results on
one of the validation in-vivo experiments (cf. Figure 4.18). The breathing profile and the
current robot measurements can be re-synchronized in live thanks with cross-correlation

in case of drifting.
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FIGURE D.2: Estimation of the depth of insertion in the bone from the robot’s dis-

placement with two different methods on the plots of Figure 4.18. In green, with the

rotation of the threaded instrument. In red, with the calibration of the breathing mo-
tion profile.

This method provides a better estimate than by using the rotation speed of the drill.
Moreover, by comparing the two approaches, we can detect when the threads of the

drilling instrument are correctly anchored in the vertebra.



Appendix E

Final in-vivo results

Figures E.1 and E.2 show respectively the CT scans and the data collected during
the final in-vivo tests of Algorithm 3, similarly to Figure 4.18. On the scans of L2 and
L3, a screw is visible in one of the pedicle; this was part of a later experiment for the
FAROS project.

FIGURE E.1: Post-operative CT scans of the pig vertebrae drilled in-vivo with the
threaded drill bit and automatically stopped thanks to Algorithm 3.
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