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Summary
Bone cutting, so-called osteotomy, is an essential part of many surgical procedures. Nowadays,
bone cutting is mainly performed using mechanical devices such as milling cutters, drills, and
saws. Laser osteotomy is a novel alternative for cutting bone with several advantages compared
to conventional methods. Existing devices for cutting bone with laser require direct access to
the entire bone, i.e., are not minimally invasive. This work is part of an overall project called
Minimally Invasive Robot-Assisted Computer-guided LaserosteotomE (MIRACLE), aiming to
make minimally invasive bone cutting possible. In an initial application, we are developing a device for use in minimally invasive unicondylar knee arthroplasty (UKA). This thesis focuses on
the challenges of the MIRACLE project in robotics and presents a robotic device for minimally
invasive bone cutting. One of the main challenges in developing such a device is to achieve the
desired high positioning accuracy of the laser with a dexterous device with a small diameter.
Typically, high accuracy requirements are met by large, rigid robotic structures with minimal
degrees of freedom.
I present a concept for positioning the laser at the surgical site that enables minimally invasive surgery: an overall robotic system consisting of different components, each fulfilling a
subset of the requirements. Combined into a complete system, the realization of high accuracy
laser positioning using a small diameter surgical instrument with high dexterity will become
possible. The system components include: i) a bone-mounted miniature parallel robot that positions the laser, which is mounted at the tip of a ii) small diameter robotic endoscope with several
degrees of freedom, allowing for minimally invasive insertion. For safe, intuitive, and accurate
handling, the robotic endoscope is mounted on and guided by a iii) large robotic manipulator.
I designed, developed, and evaluated prototypes of the miniature robot and the robotic endoscope, combined them with a large manipulator and showed the first proof of concept of the
whole mechanical system.
The results of this work suggest that the requirements for the robotic system depend heavily
on the limitations of the other system components (e.g., the cutting laser) and that the robotic
system is currently not the limiting factor for the realization of minimally invasive UKA using
laser osteotomy.
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Summary

Zusammenfassung
Das Schneiden von Knochen, die sogenannte Osteotomie, ist ein wesentlicher Bestandteil vieler
chirurgischer Eingriffe. Heutzutage werden Knochenbearbeitungen hauptsächlich mit mechanischen Geräten wie Fräsern, Bohrern und Sägen durchgeführt. Die Laserosteotomie ist eine
neuartige Alternative zu herkömmlichen Methoden zum Schneiden von Knochen mit mehreren
Vorteilen. Heute existierende Geräte zum Schneiden von Knochen mit einem Laser erfordern
einen direkten Zugang zum gesamten Knochen, d.h. sie sind nicht minimalinvasiv. Diese Arbeit
ist Teil eines Gesamtprojektes, genannt Minimally Invasive Robot-Assisted Computer-guided
LaserosteotomE (MIRACLE), welches das minimal-invasive Schneiden von Knochen erforscht.
Wir entwickeln das Gerät in einem ersten Schritt für den Einsatz in der minimal-invasiven
unikondylären Knieendoprothetik (kurz UKA). Die vorliegende Dissertation beschäftigt sich
mit den Herausforderungen des MIRACLE-Projekts in der Robotik und stellt ein Robotergerät zum minimalinvasiven Schneiden von Knochen vor. Eine der größten Herausforderungen
bei der Entwicklung eines Robotergeräts für die minimalinvasive Laserosteotomie besteht darin,
die gewünschte hohe Positioniergenauigkeit des Lasers mit einem beweglichen Gerät mit kleinem Durchmesser zu erreichen. Typischerweise werden hohe Genauigkeitsanforderungen durch
große, starre Roboterstrukturen mit minimalen Freiheitsgraden erfüllt.
Ich stelle ein Konzept zur Positionierung des Lasers vor, das minimalinvasive Eingriffe ermöglicht: Ein robotergestütztes Gesamtsystem, das aus verschiedenen Komponenten besteht,
die jeweils einen Teil der Anforderungen erfüllen. Kombiniert zu einem Gesamtsystem wird die
Realisierung einer hochpräzisen Laserpositionierung unter Verwendung eines chirurgischen Instruments mit kleinem Durchmesser und hoher Beweglichkeit möglich. Die Systemkomponenten umfassen: i) einen am Knochen montierten Miniatur-Parallelroboter, der den Laser positioniert. Dieser Miniatur-Parallelroboter ist an der Spitze eines ii) Roboterendoskops mit kleinem
Durchmesser und mehreren Freiheitsgraden montiert, was eine minimalinvasive Einführung ermöglicht. Für eine sichere, intuitive und genaue Handhabung ist das Roboterendoskop an einem
iii) großen Robotermanipulator montiert und wird von diesem geführt.
Ich habe Prototypen des Miniaturroboters und des Roboterendoskops entworfen, entwickelt
und evaluiert, sie mit einem großen Manipulator kombiniert und den ersten Beweis für das Konzept des gesamten Systems geliefert.
Die Ergebnisse dieser Arbeit deuten darauf hin, dass die Anforderungen an das Robotersystem stark von den Limitationen der anderen Systemkomponenten, zum Beispiel dem Schneidlaser, abhängen und dass das Robotersystem derzeit nicht der limitierende Faktor für die Realisierung von minimal invasiver UKA mittels Laserosteotomie ist.
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Chapter 1

General Introduction
The word “osteotomy” (from Greek οστό “bone” and τομή “cut”) means “bone cutting” and
is the technical term for a surgical procedure in which bones are cut, or bone fragments are
removed [8]. Since the stone age, humans have been performing operations on bones. Removing
a piece of the skull bone is the oldest known surgical procedure [9], and the management of bone
fractures dates back to ancient Egypt [10]. Thus, the history of osteotomy is as old as surgery
itself [11, 12]. Osteotomy as a surgical procedure can be categorised by its outcome, type,
approach, or incision site [8]. The outcome categories of osteotomies are [8]:
• Excision osteotomy refers to removing a piece of bone so that a prosthetic replacement or
graft may follow.
• Reparative osteotomy refers to an operation along the axis of the long bones for the purpose of anatomical correction (e.g., to correct non-physiological leg axes or hip malpositions).
• Osteotomy to reach pathologies refers to removing bone pieces that obstruct access to the
surgical area. In some cases, the removed piece of bone can be returned at the end of the
operation.
Osteotomies are required in various surgical procedures, such as cranial, maxillofacial, oral
surgery, or orthopedic and trauma surgery (hereinafter “orthopedics”).
Orthopedics is the branch of surgery concerned with conditions involving the musculoskeletal system such as trauma, sports injuries, or degenerative diseases, infections, tumors, and congenital disorders of the musculoskeletal system. The ability to cut and shape bones is a key
component of orthopedic surgery. Orthopedics has a long and rich history [13]. However, while
the science of orthopedics evolved [12], the instruments in the standard orthopedic operating
theatre still use the techniques introduced thousands of years ago to cut and shape stone and
wood [14]. In all probability, at least until around 2000 years ago, the instruments used for cutting human tissue were misused household items or weapons [15] and for a long time, minimal
engineering effort went into the design of dedicated surgical bone-cutting instruments [16]. Mechanical tools, i.e., milling cutters, saws, chisels, and drills, are still predominantly used today
for cutting bone tissue.
1

2

Chapter 1. General Introduction

The mechanical cutting of bone tissue has several unwanted implications. The mechanical
processing of bone leads to heating of the cutting area. This in turn can cause irreparable damage
or delayed regeneration [17, 18]. The freedom of cutting geometry is limited by the available
cutting equipment, for example, the shape of the saw blades. Because of this limitation, it may
be necessary to remove more bone than is needed for the intervention. When cutting tissue
mechanically with saws, mills, and drills, a certain amount of grinding pressure, mechanical
impact, vibration, hammering, or similar mechanical forces are naturally exerted on the tissue.
It cannot be ruled out that this mechanical stress also influences and damages the adjacent tissue [19]. Furthermore, cutting accuracy is limited; for example, the control of the cutting depth
depends on the experience and dexterity of the surgeons. By-products of cutting, for example,
metal abrasion, can impact the bone regeneration process [20]. Consequently, in several medical
fields, it is of great interest to improve bone-cutting techniques to facilitate accurate osteotomies
and reduce collateral mechanical and thermal tissue trauma, i.e., the invasiveness of the procedure [21].
In order to overcome the problematic implications of mechanical cutting instruments, new
technologies for bone cutting were proposed over the last years [22]. Examples include microwave machining [23], ultrasonic machining (e.g., piezoelectric machining [24, 25]), water-jet
machining [26], and laser beam machining [27].
We see great potential for minimally invasive bone processing in the use of laser light to
cut bone (so-called laser osteotomy). Laser osteotomy is a non-contact method of machining
bone and, therefore, also a low-contact-force alternative to cutting bone with conventional mechanical tools [20]. Additionally, laser osteotomy using pulsed laser ablation enables higher
cutting accuracy, faster bone healing, and increased freedom in the cutting geometry than mechanical tools [28]. With more freedom in the cut geometry design, the creation of functional
cuts, such as dovetail cuts or tight fits, becomes possible [29]. Functional cuts may allow the
design of new implants that can be placed with higher accuracy (e.g., tight fit). It might also be
possible to improve the fixation of implants by already limiting most of the implant’s movement
possibilities through the implant-bone interface geometry (e.g., dovetail cut). Further, positive
aspects of laser osteotomy compared to conventional mechanical osteotomy are reduced mechanical trauma and vibrations [30], reduced heating of adjacent tissues [31], and the possibility
of implementing feedback systems to control the cutting depth [32].
To cut bone with a laser, the bone surface is ablated point by point and layer by layer using
a pulsed laser. The bone volume removed per pulse depends on the type and parametrization of
the laser. To enable accurate and, above all, deep bone cuts with this procedure, the pulsed laser
must be moved several times along the same cutting path [33]. The laser must be guided with
sufficient accuracy so that the punctual ablations result in a coherent cut. The required accuracy
of laser steering to achieve a coherent cut is in the submillimeter range. Such high accuracy
cannot be achieved by manual manipulation of the laser by a human, but requires the assistance
of a robot [34] (Fig. 1.1). Robotically guided laser osteotomes are already available for an open
surgical approach in maxillofacial surgery (CARLO robot, AOT, Basel, Switzerland) [35, 36].
In this procedure, the bone of interest must be exposed entirely because direct access, i.e., line
of sight, is necessary.

3

Figure 1.1: Have you decided whether you want the conventional or minimally invasive surgery?

We aim at making minimally invasive laser osteotomy possible within a multidisciplinary
research project called Minimally Invasive Robot-Assisted Computer-guided LaserosteotomE
(MIRACLE) [37]. We will develop a device that guides the laser beam to the bone to be cut in a
minimally invasive way. In this minimally invasive scenario, direct access to the exposed bone
is not required. However, a flexible device is needed that guides the laser beam to the surgical
site while adapting to the patient’s anatomy.
The envisioned device consists of a flexible structure inserted into the patient through a small
skin opening (Fig. 1.2). This flexible structure, also called a “robotic endoscope”, is actuated,
can be controlled by the surgeon, and has a similar structure to an endoscope. The laser is
guided by an optical fiber from its source outside the patient through the entire device to the
robotic endoscope’s tip. There, the laser is guided out of the optical fiber and aimed at the
desired bone ablation spot. In order to be able to cut with the laser, other components such as
an irrigation system or a suction system to remove cutting debris are also required. All these
modalities must be brought to the intervention site from outside the patient through the robotic
endoscope. An additional, larger robot is holding and manipulating the robotic endoscope to
facilitate its handling and ensure laser positioning accuracy.
The first target application of this MIRACLE device is unicondylar knee arthroplasty (UKA).
UKA is a surgical treatment for osteoarthritis, a degenerative disease of the knee joint. In this
surgical treatment, the damaged parts of the knee joint, for example, bone and articular cartilage,
are removed and a joint replacement is inserted. The knee joint replacement (also called a
prosthesis) consists of several implants (also called components): a femoral implant, a tibial
implant, and a meniscal implant. We consider this application a benchmark application for
minimally invasive robotic laser osteotomy, because it is considered a technically demanding
procedure with high demands on accuracy (see, e.g., [38] or [39]) and requires long bone cuts
with a depth of up to 5 cm. Furthermore, osteoarthritis is one of the leading causes for chronic
disability [40]. Therefore, knee arthroplasty has high socio-economic relevance. Compared to
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Figure 1.2: The Minimally Invasive Robot-Assisted Computer-guided LaserosteotomE (MIRACLE) setup: the device will consist of an endoscope-like flexible distal structure that will be
inserted into the patient through a small skin opening. The laser will be guided by an optical fiber
from its source outside the patient through the entire device to the tip of this flexible endoscopelike structure. Once at the tip, the laser is directed out of the optical fiber and to the desired
location of ablation.
total knee arthroplasty (TKA), the implants used for UKA are smaller and can be inserted less
invasively.
We see a possible workflow of minimally invasive robotic UKA using laser osteotomy as
follows: A 3-dimensional model of the patient’s knee is generated preoperatively using standard
medical imaging modalities. The intervention is prepared using planning software to select and
place the implants in the 3-dimensional patient model. Based on the implant positions, the
required bone cuts are derived. Intraoperatively, the patient’s knee is registered relative to the
robot and the preoperative plan. The surgeon makes the incision to provide access to the knee
joint. Then, the robotic endoscope is inserted into the patient’s knee. The surgeon controls the
robotic endoscope via an appropriate input device (e.g., a telemanipulation device). The robotic
endoscope guides the laser along the planned cutting lines while the laser cuts the bone. After
the cuts are performed, the robot is removed, and the surgeon inserts the implants. The surgical
incision is then closed as in the conventional procedure.
The realization of this device for minimally invasive laser osteotomy confronts us with some
exciting challenges in different subject areas. The MIRACLE project is divided into four research areas, each of which tackles one crucial aspect of the overall development. In a nutshell,
the different research areas are outlined below.
Planning and Navigation: Proper planning of the surgical procedure lays the basis for a successful outcome. Therefore, it is necessary to provide the surgeon with a suitable planning
interface to determine the knee implants’ optimal placement. For preoperative planning
of the implantation, the surgeon needs the relevant patient information, ideally a 3-dimen-
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sional model of the patient’s knee. It would also be beneficial if the surgeon could check
the critical indicators for good implant placement during planning, such as the knee joint’s
resulting kinematics. Planning challenges include automating patient modeling (e.g., segmentation of imaging data) and modeling soft tissue behavior (e.g., to predict ligament
loading in the knee joint, so-called ligament balancing). One of the biggest challenges
in surgical navigation is to ensure registration and tracking of surgical instruments inside
the patient, i.e., without direct line of sight. Today’s standard tracking and registration
methods in orthopedics are mostly based on optical methods that require a direct line of
sight. Line of sight-dependent methods can track the parts of the robot that remain outside the patient but not the parts that are inserted into the patient. However, the tracking
and registration of the part of the robotic structure inside the patient is a prerequisite for
identifying the laser’s current cutting position with respect to the patient.
Laser: The laser requires a certain amount of energy to ablate hard tissue such as bone. This
energy must be coupled into a flexible optical fiber to be guided from the laser source
outside the patient to the bone in a minimally invasive way. The fiber is inserted into the
patient inside a robotic endoscope that can adapt to the anatomy. Accordingly, the fiber
must be able to bend to fit the shape of the robotic endoscope. The fiber’s core diameter
influences its minimal bending radius and, thus, its flexibility. However, the fiber core
needs to have a specific diameter to allow transmitting high energy without damaging the
fiber. The fiber’s damage threshold is defined by the maximum energy density that can be
transmitted without damaging the fiber. The damage threshold depends on the input laser
parameters (e.g., wavelength, pulse duration, or repetition rate) and the fiber material itself. The required core diameter depends mainly on the required energy to be transmitted.
It is challenging to develop a laser and fiber that allow the transmission of high energy
through a small fiber core. Further challenges include the proper cooling and irrigation of
the tissue during cutting to prevent carbonization and removing bone debris that contaminates the optical components and impairs their function. The minimally invasive setting
in the knee will further complicate the situation. For example, body fluids such as blood
could affect the cutting process. It would also be possible that the knee joint has to be
filled with fluid (saline solution), as in a standard arthroscopy, to achieve better visualization and remove blood and bone debris. This fluid would accordingly also influence the
cutting process.
Implantology: After successful bone preparation, the implants need to be inserted and fixed to
the bone. The implants’ size, shape, and fixation method determine the degree of invasiveness of the implant placement and, consequently, the entire procedure. The new possibilities of cutting bone using laser open up new approaches for placement and fixation
of the implants. With these new approaches, implants can be developed with sophisticated
implant-bone interfaces that can be placed with unprecedented accuracy and inherent fixation in multiple degrees of freedom (e.g., using a dovetail guide). However, these knee
implants have to withstand high stresses, and their lifetime is an essential quality measure
for the entire treatment. As such, the demands on implant design are high and complex.
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Robotics: The robotic device guides the laser into the patient’s body safely and accurately.
From a robotics perspective, the main challenges lie in the interplay of the following requirements: i) the robotic device needs to cover a large workspace since it should allow
different mounting positions in the operating room while still reaching all necessary surgical sites on the patient. Also, the inserted part of the robotic device should allow realizing
long bone cuts (several centimeters). ii) the robotic device needs to allow minimally invasive insertion into the patient. Accordingly, the robotic device’s inserted part needs to be
small in diameter and dexterous enough to adapt to the patient’s anatomy. iii) the robotic
device must stabilize and control the laser with an accuracy in the submillimeter range
to realize bone cuts with a pulsed laser. Typically, such high accuracy requirements are
solved with large, rigid devices with a minimum of degrees of freedom. However, this
approach conflicts with requirements i) and ii), which demand a large workspace, a small
diameter, and dexterity. Also, the anatomical conditions in the knee joint pose a challenge. For example, in the abdominal cavity, space for surgical instrument manipulation
can be created at the pathological site by inflating the abdomen with gas. Comparatively,
very little space is available in the knee joint for manipulating surgical instruments. Accordingly, the device must be able to operate in narrow cavities. Another challenge is to
define the requirements, such as feasible dimensions, for the robotic device to be inserted.
These requirements depend on the knee anatomy, for example, whether and by how much
anatomical structures such as ligaments and muscles can deform to make room for the
robot and how much force is required to push these structures away. There are currently
no available data at our disposal for the relevant anatomical environmental conditions such
as available manipulation volume and required forces for manipulation.

1.1

Outline of this Work

In this work, I addressed the challenges for robotics in developing a minimally invasive laser
osteotome for unicondylar knee arthroplasty.
The following sections present the medical (Section 1.2.1) and technical (Section 1.2.2)
background of this work. The subsequent section (Section 1.3) presents the state of the art in
robotic devices for mechanical bone cutting (Section 1.3.1), robotic devices for laser osteotomy
(Section 1.3.2), and flexible robotic instruments for laser applications in minimally invasive
interventions (Section 1.3.3). The specific scientific questions and challenges I was pursuing in
this work are listed in Section 1.4.
The following chapters (Chapter 2 to 8) contain the scientific publications that have resulted
from this work so far. Each of these chapters is introduced with a “Preface and Overview”
section that bridges the previous chapter to the current chapter and outlines the element of robotic
minimally invasive laser osteotomy that is the focus of the current chapter.
The achievements, current limitations, and possible future developments of this work are
discussed in Chapter 9 with an overall conclusion in Chapter 10 and outlook in Chapter 11.

1.2. Background

1.2
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Background

The development of surgical tools requires a thorough understanding of the anatomy and the
relevant aspects of the disease and its treatment. Accordingly, an overview of the knee joint’s
anatomy, of osteoarthritis, and the treatment options for osteoarthritis, specifically unicondylar
knee arthroplasty, is provided in the following (Section 1.2.1). The subsequent section (Section 1.2.2) gives an overview of the field of surgical robotics and its origins and development.

1.2.1

The Knee Joint, Osteoarthritis, and Unicondylar Knee Arthroplasty

The following is an overview of the anatomy of the knee joint and the mechanisms and structures
involved, particularly the cartilage, which can lead to a disease of the joint and make unicondylar
knee arthroplasty necessary.
The knee joint is a synovial joint with a complex ligamentous apparatus. A synovial joint
is a joint separated by a joint space filled with synovial fluid or joint fluid and whose moving
parts are covered by hyaline cartilage. The knee joint mainly allows for a roll-glide movement
between the upper and lower thigh in flexion and extension, as well as an internal and external
rotation around a longitudinal axis of the lower thigh [41, 42].
The bone structures involved in the knee joint are the patella (kneecap), the femur (upper
thigh bone), and the tibia (lower thigh bone) (Fig. 1.3). These bony structures only slightly
restrict the joint’s movement possibilities. The other active (muscles) and passive (ligaments,
joint capsule, and menisci) anatomical elements are therefore decisive for the stability and functionality of the knee joint [43]. The knee joint is correspondingly densely surrounded by these
anatomical structures (Fig. 1.4).
In detail, the knee joint consists of two individual joints [42]: i) The femoro-tibial joint,
between the lower thigh bone (tibia) and the upper thigh bone (femur), and ii) the patello-femoral
joint, between the femur and the kneecap (patella). The femoro-tibial joint surfaces are formed
by the lateral and medial femur condyle and the tibia’s lateral and medial condyle. The patellofemoral joint surfaces are formed by the patella (facies articularis patellae) and the surface of the
femur (facies patellaris femoris). Both joints are contained inside a common knee joint capsule
and have a common joint cavity [44]. There is a medial (inner) and a lateral (outer) compartment
of the femoro-tibial joint. In total, the knee consists of three compartments: the medial, lateral
and patello-femoral compartment.
Compared to other joints, the knee joint has two opposite functionalities: i) On the one hand,
in an extended position, stable support and carrying function for the leg and ii) on the other hand,
in a flexed position, which also allows internal and external rotation, the knee joint has a high
degree of mobility, allowing, for example, to vary the distance between the trunk and the current
position of the foot. These functionalities are essential for the knee’s static and dynamic stability
and make the knee the tallest, most complex, and most sensitive joint in the human body [45].
The articular cartilage is a central functional element for the gliding properties of a joint.
Cartilage tissue is a form of connective tissue composed of specialized cartilage cells (chon-
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Figure 1.3: Bony structures, ligaments, cartilage, and menisci of the right knee joint. Reprinted
and adapted by permission from Thieme: Georg Thieme Verlag KG, Taschenlehrbuch Anatomie
by Kirsch c (2017). c Georg Thieme Verlag KG (nach Schünke, Schulte, Schumacher,
Prometheus LernAtlas, Thieme; 2014).

droblasts and chondrocytes) and extracellular ground substance. Depending on the composition,
a distinction is made between three cartilage tissues: hyaline cartilage, elastic cartilage, and
fibrocartilage. The cartilage present in synovial joints is hyaline cartilage. Hyaline articular
cartilage in synovial joints is made out of collagen type II and covers the joint surfaces generating a low-friction bearing. The articular hyaline cartilage has no cartilaginous membrane
(perichondrium). As a result, hyaline articular cartilage has excellent gliding properties but also
a significantly reduced regenerative capacity [46, 47].
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Figure 1.4: The right knee joint and its most important anatomical structures. Reprinted and
adapted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Das Knie Form, Funktion und ligamentäre Wiederherstellungschirurgie by M. Jagodzinski,
W. Müller, N. Friederich c (2016).
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After completion of growth, hyaline articular cartilage, as a vascular-free supporting tissue,
is almost exclusively nourished by the synovial fluid through diffusion and convection. However, since the cartilage is thick, diffusion is not sufficient to nurture all the layers. Therefore,
changing loads and the resulting local loading and unloading (e.g., compressing and decompressing the cartilage) are essential drivers for the change of fluids and the cartilage’s nutrition
(the cartilage acts like a sponge). Therefore, hyaline articular cartilage cells are dependent on
physiological stimuli [47].
Osteoarthritis (german: Arthrose or Osteoarthrose) is a joint disease in which the hyaline
articular cartilage degenerates. The knee joint has to be considered an “organ”, comprised
of bones, hyaline articular cartilage, synovial layer, tendons, and muscles. In joints with osteoarthritis, the hyaline articular cartilage degenerates, and a lot of endocrine factors and cytokines are released. This degeneration will eventually lead to a “diseased organ”. Osteoarthritis
is not only the status of degenerated hyaline cartilage but the eventual fate of the organ called
“joint”, which is diseased as a whole. A distinction is made between primary and secondary
osteoarthritis. Primary osteoarthritis is based on the inferiority of the hyaline articular cartilage
with an unknown biological cause or a mutation in defined genes (e.g., Stickler-syndrome). In
secondary osteoarthritis, the cause for the hyaline articular cartilage’s inferiority is additionally
or exclusively based on a known cause, for example, mechanical factors (incorrect loading),
metabolic disorders, traumata, inflammations, or the aging process [48, 49, 50]. In contrast to
osteoarthritis, arthritis or rheumatoid arthritis (german: Arthritis) refers to an inflammatory disease of the joint. The terms are used differently in the different language regions but shall be
used as described above in this work.
Osteoarthritis is the most common joint disease and is among the most common diseases in
elderly [49, 51]. It is globally the most common cause for physical disability and severe longterm pain and has a high cost of treatment and a large number of work absences [52, 53, 54, 55,
51]. Therefore, it has a high socio-economic impact. The increase and aging of the population
worldwide, with age being a significant risk factor for osteoarthritis, and the change of lifestyle
(obesity and lack of physical activity) make it foreseeable that this burden will increase in the
future [52, 56, 57, 58, 59, 60]. The knee joint is one of the joints that is most commonly affected
with osteoarthritis [51]. In particular, knee osteoarthritis is one of the leading causes for chronic
disability [40].
The disease can affect all knee joint compartments and generally progresses slowly over
10 to 15 years [61]. In the course of the disease, the decrease of hyaline articular cartilage
leads to a deterioration of the mechanical joint properties, leading to overloading, bone lesions,
and shrinkage of the joint capsule due to inflammation. In the late stages of osteoarthritis, the
subchondral bone reacts with skeletal changes, for example, hardening of the subchondral bone
plate and the bone trabecula and the formation of osteophytes. As a result, the joint space
narrows [48, 49] (Fig. 1.5).
The symptoms of a knee osteoarthritis are joint pain (especially also at night), decreased
range of motion, audible grinding or popping sounds, muscle weakness, swelling, locking, and
giving way of the joint [61]. In the long term, this leads to disabilities, mainly associated with
pain, such as difficulty during walking, climbing stairs, performing household chores, and sitting
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Figure 1.5: Schematic of a synovial joint and the differences between a healthy (left) and
osteoarthritic (right) joint. Reprinted and adapted with friendly permission from Rheumaliga
Schweiz [62]. c Rheumaliga Schweiz.
upright. All these disabilities can lead to a decreased quality of life [63].
The treatment options are diverse and depend on the age and pre-existing conditions of the
person concerned. The treatment goals are mainly pain relief and functional preservation of
the knee joint [51]. Conservative treatment methods include physical therapy, reducing weight,
change of lifestyle, anti-inflammatory therapy (e.g., electrotherapy), use of an orthosis, antiinflammatory drugs, injection of hyaluronic acid or cortisone into the knee joint [50, 64], or
platelet-rich plasma and stem cell-based therapies [65].
In advanced stages of knee osteoarthritis or if conservative treatments are not effective, surgical treatments are needed as ultimate treatment [64]. Different surgical treatment options exist:
arthroscopy (mainly in early stages of the disease), reconstruction osteotomy (mainly in younger
patients), arthroplasty (replacement of the articular joint surface), and as a last resort arthrodesis
(the surgical implementation of joint ossification) [50]. In this work, I focus on robot-assisted
knee arthroplasty using laser osteotomy.
Knee arthroplasty refers to the plastic reconstruction of a destroyed knee joint [66], including reconstructions where extraneous, non-biological material is used, i.e., an endoprosthesis.
The history of joint endoprosthesis goes back to the 19th century and began with Themistocles
Gluck, who was the first to develop an artificial hinge joint for the knee in 1870 [11]. The main
challenge of endoprosthesis development was the insufficient anchoring of the prosthesis in the
bone, leading to inadequate force transmission, undesired remodeling processes in the bone, and
loosening of the implants [11].
Nowadays, there is a wide range of knee replacements from different manufacturers. A
distinction can be made between total knee systems, where the implants cover the femur and
tibia’s entire joint surface, and the partial knee systems, where the implants are limited to one
(medial, lateral, or patello-femoral) compartment of the knee joint. For the first, a so-called total
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Figure 1.6: Total knee arthroplasty (TKA) (left) and unicondylar knee arthroplasty (UKA)
(right). Pictures of the implants courtesy of Aesculap AG. Graphic representation of the implants in the knee reproduced with friendly permission from OrthoInfo. c American Academy
of Orthopedic Surgeons (https://orthoinfo.org/).
knee arthroplasty is performed. For the latter, a unicondylar knee arthroplasty (also called partial
knee arthroplasty) is performed (Fig. 1.6).
Unicondylar knee arthroplasty (also called “partial” knee replacement) is a surgical treatment for osteoarthritis when only one of the three compartments of the knee is diseased. In this
procedure, the damaged bone and cartilage on one knee condyle are resurfaced with metal and
plastic components. Compared to TKA, a unicompartmental procedure uses smaller implants
and replaces only one, the medial, lateral, or patello-femoral, joint compartment [67, 68, 69].
The loss of bone is minimized, the cruciate ligaments, and the healthy joint compartments remain intact [70, 68]. Also, UKA can be performed through a smaller incision than TKA [67].
The resulting advantages of UKA compared to TKA include better preservation of the joint’s
native anatomy and structural integrity, joint proprioception, and gait kinematics [70], reduced
blood loss [71, 72], lower infection rate [73], less postoperative pain [74], faster recovery [71],
better preservation of range-of-motion [75], better function [76], and lower cost [77].
Due to the smaller incisions and the resulting benefits for the patient, UKA is often referred
to as a minimally invasive knee replacement surgery. Minimally invasive knee replacement
surgery and generally minimally invasive surgery shall be defined in this work (in accordance
with Piccard et al. [78]) as a tissue-sparing surgery that lessens the assault on the tissue and
the patient and therefore leads to a better outcome. Thus, in an ideal minimally invasive tissuesparing surgery, the amounts of tissue cutting, handling, and displacement, and the force exerted
on the tissue are minimized to reduce the damage to the tissue. In the sense of this definition,
UKA can be referred to as a minimally invasive knee replacement surgery.
In this work, we focus on the femoro-tibial joint, i.e., the medial and lateral compartment of
the knee joint. Unicondylar knee arthroplasty of the patello-femoral joint compartment is often
called “knee cap replacement” or “patello-femoral arthroplasty”.
The operation technique and workflow for UKA depends on the selected implant types and
manufacturer. An example is provided in the following for the Univation X unicondylar knee
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system from Aesculap (Aesculap AG, Tuttlingen, Germany), a standard UKA joint replacement.
The Univation X joint replacement consists of two implants (femoral and tibial implant) and a
fixed or mobile bearing in-between (also called meniscal implant) (Fig. 1.6). Three bone cuts
need to be performed on the femur (distal, chamfer, and posterior cut) and two on the tibia (sagittal and transverse cut) to place the implants. The fixation and stabilization of the implant further
require the drilling of peg holes and grooves for fins. A detailed description of the operation
technique is often provided by the manufacturer and is summarized in the following for the Aesculap Univation X unicondylar knee system. The information is taken from the corresponding
surgical manual (document number O47102 with the title: AESCULAP R univation R X UNICONDYLAR KNEE SYSTEM - Surgical technique and ordering information [79]) (Fig. 1.7):
• At the beginning of a unicondylar knee arthroplasty, there is always careful preoperative
planning of the intervention. For this purpose, X-rays of the knee are taken in different
projection planes. Ideally, an X-ray of the entire leg is also taken to visualize the leg axis.
The optimal placement of the tibial and femoral implants is described and illustrated in the
surgical manual. The femoral implant size is determined from the X-rays, using templates
of the different implant sizes that can be placed on the X-rays.
• The surgical approach is specified as a medial parapatellar arthrotomy in the instructions.
The knee angle (90◦ ), the incision path, and size of the skin incision (3-5 cm in total
or slightly larger in the training phase) are described. In addition to the incision, part
of Hoffa’s fat pad must be removed to improve vision. If present, osteophytes are also
removed.
• The surgical procedure continues with the alignment of the tibia. For this purpose, an
alignment system is placed on the lower leg. A cutting block is mounted on this alignment
system, through which the reciprocal bone saw is later guided for cutting. The instructions
describe how the alignment system must be placed relative to the leg axis and which angles
and distances must be observed in particular. After positioning the alignment system, the
cutting block is fixed to the bone with two to three headless pins.
• Then, the tibial resection is performed. The first step is the proximal tibial cut. During
cutting, the blade of the reciprocal bone saw is guided through the cutting block. Then, the
sagittal tibial cut is carried out with the reciprocal bone saw. The sagittal cut is oriented
slightly medial to the attachment of the anterior cruciate ligament. The direction of the
saw blade should point towards the femoral head in the direction of the mechanical axis.
The instructions also contain information on what to pay special attention to, for example,
which soft structures must not be injured. After the tibial cuts, osteophytes are removed
again if necessary, and the flexion and extension gaps are checked with gauges (so-called
spacers). A recommendation for the size of the gaps is given in the instructions (8 mm).
It is important for a good surgical result that the gaps between the tibia and femur in knee
flexion and extension are balanced.
• The next step is the femoral alignment and resection. For this purpose, a spacer (with
the size according to the preoperative plan) is placed in the extension gap. The cutting
block for the distal femoral cut is mounted on this spacer. Thus, the tibial cut defines the
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position of the distal femoral cutting block. The femur and tibia are aligned by adjusting
the knee flexion until the spacer is perpendicular to the operating table. This alignment
can be controlled with appropriate alignment rods. The cutting block is then fixed with
two headless pins. The distal femoral resection is then carried out, guided by the cutting
block. Subsequently, the gap is measured and, if necessary, the distal femoral resection
is enlarged with an appropriate cutting block to widen the gap. Then, the posterior and
the chamfer femoral resections are carried out. For this purpose, a corresponding cutting
block is placed, aligned, and fixed to the bone in advance.
• Subsequently, the tibia and femur are prepared for implantation. The tibial implant size
is measured, and a suitable trial tibial plate is mounted on the cut surface. If necessary,
the sagittal tibial cut is corrected to increase the mediolateral tibial surface. The trial plate
is fixed with head pins and serves as a template to prepare the hole and fin in the tibia for
insertion and fixation of the tibial implant. The femoral implant procedure is carried out
similarly with a femoral trial implant, which serves as a template for drilling the two holes
needed to attach the femoral implant.
• A trial meniscal component is now inserted, and the function of the replacement (range
of motion, ligament tension, and stability) is tested.
• If the knee joint function is satisfactory, the test components are removed, and the knee is
prepared for implantation. The implants are fixed to the bone using bone cement. Small
holes are drilled in the cut surfaces on the femur and tibia to provide a better surface for
the bone cement. The implants (tibia, femur, and meniscal component) are inserted and
fixed one after the other. All bone cement residues must be thoroughly removed.

As the surgical workflow described above certainly makes clear, UKA is a technically challenging operation. The correct placement of the alignment systems and thus the cutting blocks
is demanding, even more, when the view of the relevant anatomical structures is restricted like
in minimally invasive interventions. The placement of the cutting blocks largely determines the
cutting planes and thus also the alignment between the tibia and the femoral implant. The correct alignment of the implant components is crucial for the long-term retention of a unicondylar
knee implant [80]. Incorrect alignment may lead to early implant wear [81, 82], poor functional
results [83], and a higher revision rate [84]. If the incision size is reduced in minimally invasive UKA, anatomical landmarks also become less visible to the surgeon, making intraoperative
orientation and the correct positioning of the implants even more difficult [85].
Robotics could help overcome some of UKA’s technical difficulties, while maintaining its
benefits compared to TKA, for example, by facilitating accurate implant component positioning [86, 87, 88, 89].

1.2.2

Surgical Robotics and Computer-Integrated Surgery

The field of surgical robotics is part of the larger field of computer-integrated surgery (CIS).
Computer-integrated surgical systems can be described as systems that support the surgeons in
their work through computer-based technology. Computer-assisted surgery (CAS), also called
image-guided surgery or surgical navigation, is a subcategory of CIS, which generally describes
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Figure 1.7: The main workflow steps of unicondylar knee arthroplasty. Selected sub-steps and
the associated instruments are shown graphically. The images of the different workflow steps
are taken with friendly permission from Aesculap from a surgical manual (document number
O47102 with the title: AESCULAP R univation R X UNICONDYLAR KNEE SYSTEM - Surgical technique and ordering information) [79].

surgical systems or concepts that use computer technologies to plan, perform, or provide guidance in surgical interventions. Robot-assisted surgery (RAS), also called robotic surgery, is also
a CIS subcategory, where steps or aspects of surgery are carried out by a robot or with robotic
assistance. It is important to note that robot-assisted surgeries use a large degree of computer
assistance, but not all computer-assisted surgeries use robotics.
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MACHINING & ASSEMBLY

Figure 1.8: Today’s established regime of computer-aided design (CAD) and computer-aided
manufacturing (CAM) in industrial production.
The processes and modalities in CIS are comparable to, although usually much more complex than, the processes in today’s industrial production. In this field, the term “computeraided” is often used as a synonym for “computer-assisted”. In the field of industrial production,
the regime of computer-aided design (CAD) and computer-aided manufacturing (CAM) has become established (Fig. 1.8): A product, for example, a coffee machine, can be drawn using CAD
programs based on the raw material available. The resulting geometric data of the design is used
to plan the manufacturing process, i.e., CAM. This plan is translated into the required language,
for example, instructions for a milling machine, and passed on to the production department.
The production can be realized by manual, computer-assisted, or robot-assisted technologies.
Different systems use different portions of the respective technology. For example, a computerized numerical control (CNC) machine can be seen as a combination of all three technologies:
the workpiece and milling cutters are manually clamped into the machine, and the subsequent
precise machining is carried out automatically by the milling machine according to plan. The
milling machine operates with the support of robot- and computer-assisted technology, which accurately controls the milling cutter’s movement or automatically adjusts the necessary cooling of
the tool. The manufactured workpiece can then be checked for quality using computer-assisted
methods, for example, by optically measuring the dimensions of the workpiece and comparing
them with the production plan.
The higher complexity of computer-integrated systems in the medical field comes mainly
from the fact that the human anatomy is more complex and individual than a piece of material
like metal. Also, safety is generally much more important. Computer-integrated systems in
surgery can be realized in different ways. An example is shown in Fig. 1.9. The ratio of manual, computer-assisted, and robot-assisted methods in a computer-integrated surgery can vary
depending on the application and system design.
Modalities of computer-assisted surgery include:
• Medical imaging modalities, such as computed tomography (CT), ultrasound (US), magnetic resonance imaging (MRI), or positron emission tomography (PET) and single photon
emission computed tomography (SPECT) [90]. These modalities allow representing the
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SURGERY

Figure 1.9: Computer-integrated surgery (CIS) supporting the surgeon in his or her work through
the use of computer-assisted and robot-assisted technology.
patient’s internal anatomy through a more or less invasive imaging procedure. They can
be used pre-, intra-, or postoperatively for diagnostics, planning, or quality control.
• Corresponding image processing modalities allow extracting the relevant information
from the acquired medical images (e.g., anatomical structures). The resulting representation of the relevant structure (e.g., a 3-dimensional representation of the patient’s skeleton)
can have different forms and dimensions depending on the desired representation and image information content.
• Based on the available data, planning modalities can support the surgeon in preparing the
intervention. Such planning can be carried out intra- or preoperatively, using previously
collected data or data available on-site during the surgical intervention. Examples include
modalities for implant placement planning to achieve a good ligament balancing [39] or
for the planning of tumor resection in neurosurgery [91].
• Registration is one of the key steps to relate patient specific information to the intraoperative scene. For example, to register a preoperative plan to the intraoperative pose of
the patient anatomy that is to be treated. Furthermore, registration is required to relate the
surgical instrument’s instantaneous position to a desired or planned one. Registration is a
prerequisite for the accurate execution of preoperative plans.
• Navigation modalities are hardware or software components that support the surgeon in
finding the spatial relationship between the surgical instruments and the patient’s anatomy
and possibly a surgical intervention plan. A system component that allows the tracking of
the instrument position relative to the patient is the basis for a navigation system. There
are different systems for tracking surgical instruments, for example, optical tracking systems [92] or electromagnetic tracking systems [93].
In computer-integrated surgical systems, one or more steps or aspects can be carried out by a
robot or with robotic assistance. The term “robot” originates from the Czech word “robota” and
can be translated as “forced labour”. The definition of the term “robot” evolved and varies across
the world. In this work, the term “robot” or “robotic system” refers to technological devices that
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Figure 1.10: The complementary strengths of humans and robots in a medical scenario. Based
on the strengths and limitations listed by Taylor et al. [95, 96].
serve a specific purpose, have sensing capabilities relevant to that purpose, and respond to those
sensing capabilities with a closed-loop kinetic response to fulfill that purpose, using motion or
force (according to Gerig [94]). We see the primary aim of surgical robotics to enhance the
surgeons’ capabilities and skills, providing complementary strengths to improve the treatment
efficiency and outcome, however, never to completely replace the surgeon, as stated by Taylor
et al. [95] . An overview of these complementary strengths is provided in Fig. 1.10.
Surgical robotics has a relatively short history. Only 40 years ago, the first mechanical
robot came into experimental use in surgical settings in the 1980s: the first documented use of a
robotic system in surgery was in 1985 for brain biopsy [97]. The robotic system was based on an
industrial serial robot arm (UNIMATION PUMA 200), which was used to orient a probe guide
mounted at its end-effector. The biopsy needle was then manually inserted through this guide
into the patient’s brain by the surgeon. Since then, robots have evolved substantially and more
and more made their way into medical settings [98, 99]. The evolution of surgical robotics has
been described and illuminated in various ways. Bergeles et al. [100] structured this evolution
into five generations (Fig. 1.11), summarized in the following:
Laparoscopy is considered the starting point of the evolution. It is a minimally invasive, extraluminal surgical procedure in which elongated rigid surgical tools are inserted through a
small number of abdominal incisions. To improve visualization and increase the space for
tool manipulation, the abdomen is inflated. Performing abdominal surgery with laparoscopes instead of open access surgery has several advantages: it reduces invasiveness, tissue trauma, patient recovery time, and hospitalization costs [101, 102]. However, the precise manipulation of these instruments (rigid instruments, fulcrum effect [103]), the limited visualization (no direct view on the anatomy, 2-dimensional instead of 3-dimensional
view [104]), and the limited force feedback [105] were novel, additional challenges for the
surgeon. Surgical robotic systems were proposed as clinical solutions to these challenges.
Stereotaxic robotic systems are considered the first generation of surgical robots. These systems related to neurosurgery and orthopedics and mainly focused on increasing geometric
accuracy and dexterity in minimally invasive surgery. Surgical robots evolved in parallel
in both areas. During this generation, the main trends were to move away from using
industrial manipulators but developing dedicated systems, smaller systems that can be
integrated into the existing surgical workflow, and MRI-compatible robotic systems.
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Rigid dexterous robots for minimally invasive surgery are the second generation. This generation mainly focused on the challenge of operating in confined body cavities and dexterously manipulating tissue, i.e., increasing dexterity and visualization for minimally invasive surgery. One of the most successful surgical systems, the da Vinci platform (Intuitive
Surgical, Sunnyvale, CA, USA), is part of this generation. The characteristics of the platform that have contributed to its success are the use of stereoendoscopes (returning the
lost depth perception to the surgeon), the ergonomy of the console, where the surgeon operates with his gaze directed towards his hand (restoring hand-eye coordination), and the
restoration of the wrist actuation by instruments that mimic the natural wrist/hand motions
combined with motion scaling. Hence, the platform restored the sense of sight, aligned
visumotor axes, and provided surgical dexterity.
Flexible robots for minimally invasive surgery mark the third generation of surgical robots,
reacting to the demand for more dexterous instruments to navigate around anatomical
structures to reach deep-seated pathological locations. This generation is also driven by
the demand for less invasive procedures performed through single ports, i.e., single-port
laparoscopic surgery (SILS), or natural openings, i.e., natural orifice transluminal endoscopic surgery (NOTES). The trends in this generation were mainly towards smaller instrument diameters, extending the range of application of the instruments (e.g., catheterbased interventions), and improving instrument steering to protect the surgeon from radiation originating from intraoperative imaging (remote steering or MRI-based imaging).
Due to manufacturing limitations inherent to their structure, flexible robots for minimally
invasive surgery are limited in length. Thus, the locations inside the body that can be
reached by these devices through natural openings are limited.
Untethered microsurgeons are the fourth generation. The devices of this generation are based
on the idea of having tiny devices that are roaming inside the human body to detect and
fight pathologies. Capsule endoscopes that explore the gastrointestinal tract are only one
example.
The evolution and development of surgical robotic systems was mainly driven by the desire to make interventions less invasive and the efforts to overcome the challenges posed by
less invasive procedures for the surgeon (Fig. 1.11). This includes making surgical instruments
smaller and more dexterous and the overall system more ergonomic, improving visual and haptic feedback, and reducing its size and bulkiness to improve their integration into the existing
surgical workflow. Since this work focused on a minimally invasive device for laser osteotomy,
including a robotic endoscope, i.e., a flexible robotic device for minimally invasive surgery (third
generation of surgical robots), some details about these devices follow.
Flexible robotic instruments for minimally invasive surgery are a significant part of today’s
surgical robotics research activities. These devices often resemble medical endoscopes in appearance and scope and are sometimes referred to as “robotic endoscopes”. Accordingly, the
term “robotic endoscope” is used in this work to refer to an endoscope-like flexible robotic
device for minimally invasive surgery.
One can distinguish between two types of structures for robotic endoscopes: articulated and
continuum (Fig. 1.12). Articulated robotic endoscopes consist of individual links connected by
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Figure 1.11: Surgery moved from open surgery to minimally invasive surgery (MIS), for example, extra-, intra-, and transluminal surgery. Surgical robotics aimed to lower the challenges
that less invasive procedures posed to the surgeons. The robotic surgical instruments needed
to become smaller and more dexterous to allow minimally invasive access to the pathologies.
This increased the technical challenges in developing such devices. The graphical visualization
of the three subcomponents extra-, intra-, and transluminal surgery are taken from [106] on the
courtesy of the author, c 2011 IEEE.

joints, similar to the serial robotic arms known from industry (e.g., the robotic endoscope with
embedded micro motors presented by Shang et al. [107]). In contrast, continuum robotic endoscopes are based on a structure that can be actuated and deforms elastically to create the desired
(continuous) bending of the instrument [108] (e.g., so-called concentric tube robots [109]).
Both approaches have their advantages and disadvantages and are present in research, also
in combination (e.g., the robotic device for catheter-based procedures presented by Conrad et
al. [110, 111]). The advantages of articulated robotic endoscopes compared to continuum robotic
endoscopes include: their ease of modeling and control, the possibility to realize them as stiff
or compliant mechanisms (e.g., using series elastic actuation [112]), high bending angles in one
joint, and their potential to reach high accuracy and precision. The advantages of continuum
robotic endoscopes compared to articulated robotic endoscopes include their higher potential
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CONTINUUM STRUCTURE

COMBINATION

ARTICULATED STRUCTURE

Figure 1.12: Flexible robotic instruments for minimally invasive surgery are mostly based on a
continuum structure, an articulated structure, or a combination of the two.

for miniaturization, the possibility to realize complex shapes with relatively little actuation, and
their high compliance, which is often viewed as an inherent safety feature [108].
Controlling such a flexible robot with a suitable input device becomes increasingly difficult
as the number of degrees of freedom increases. Therefore, it is desirable that certain subtasks,
such as suturing, for example, can be performed automatically or autonomously by the robotic
device. Automatic behavior follows predefined theories and is therefore predictable. Deviations
in the behavior of automatic systems are due to small adjustments of control parameters due
to external influences. If the external influences change too much, an automatic system can
no longer perform its task successfully [113]. In contrast, an autonomous system can react to
major changes in external conditions and adapt its behavior to fulfill its task. This requires that
the system can use cognitive tools and has a certain amount of relevant knowledge (domain
knowledge) [113].
Robot-assisted surgical systems exist with different grades of autonomy. Annanasio et
al. [113] provided a clear map on these grades of autonomy, based on the six levels of autonomy
for surgical robotics introduced by Yang et al. [114]: “level 0” no autonomy, “level 1” robot assistance, “level 2” task autonomy, “level 3” conditional autonomy, “level 4” high autonomy, and
“level 5” full autonomy. Most of the surgical robotic devices that can be found in the literature
or in the clinic have no autonomy (“level 0”), and most robotic technologies that already have a
level of autonomy and are ready for translation into the clinic or already available are in autonomy "level 1": robot assistance (Table I in [113]). In the “level 1” category, a further distinction
can be made between enabling technologies, passive assistance systems, and active systems.
Enabling technologies are crucial to achieving the “level 1” autonomy, for example, modalities
for tool tracking or sensing tissue interaction. Passive systems support the surgeon in a task
by providing information (e.g., augmented reality). Active assistance systems actively interact
with the surgeon and can influence the operation, for example, by providing haptic feedback or
restricting the movement of surgical instruments [113]. Most surgical robots in orthopedics, for
example, in unicondylar knee arthroplasty, are in this category (active assistance with autonomy
level 1).
The high demands on surgical robots, for example, miniaturization, accuracy, or safety,
have led many of the devices developed to be very application-specific. There are various
reviews of robotic surgical systems covering different sub-areas or illuminating and classifying the field differently in the literature. For example: overviews on the evolution of surgi-
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cal robotics and emerging surgical platforms were provided by Taylor et al. [95] (overview of
computer-integrated surgery systems), Vitiello et al. [106] (platforms for minimally invasive
surgery), Marcus et al. [115] (challenges and future directions of surgical robotics in keyhole
surgery), Bergeles et al. [100] (achievements in surgical robotics), Gomes et al. [116] (surgical
robotics enabling minimally invasive surgery), Peters et al. [117] (surgical robotic technology
overview), or Simaan et al. [118] (challenges in robot-assisted minimally invasive intervention
and diagnostics). Reviews on flexible robotic systems for minimally invasive surgery are provided by Burgner et al. [108] (continuum robots), Alfalahi et al. [119] (concentric tube robots),
or Omisore et al. [120] (flexible robotic systems for minimally invasive surgery). An extensive
review on microrobots for surgical applications is provided by Nelson et al. [121]. An up-todate overview on medical robotic systems with regulatory approvals is provided by Avgousti et
al. [122].

1.3

Related Work

Robotic surgery is a rapidly growing field and many robotic surgical systems have been developed for various applications. In the following, I provide an overview of existing robotic systems
for mechanical milling, drilling, cutting, and grinding of bones (section 1.3.1). These are mainly
found in the following areas: cranial, maxillofacial and oral surgery, and orthopedics. In the
subsequent section (1.3.2), existing robotic devices for bone cutting using laser are presented.
In the last section (1.3.3), I provide a non-exhaustive overview on existing robotic devices for
minimally invasive laser applications in medicine in general, not limited to laser osteotomy.

1.3.1

Robotics in Bone Milling, Drilling, Cutting, and Grinding

Surgical processing (i.e., milling, drilling, cutting, and grinding) of bone is a task for which
robotics can be particularly advantageous. The bone’s stiffness and its minimal deformation
during surgery allow for complete planning of the procedure based on preoperative images. Accordingly, robotic systems can make a significant contribution by helping to implement preoperative plans accurately. High bone-cutting accuracy is required, for example, to avoid damaging
nearby important anatomical structures or to enable the precise reshaping of bone for aesthetics
or the exact placement of implants.
Processing of bone, i.e., osteotomy, is a major component of orthopedic surgery but is also
used in many other areas, for example, in cranial, maxillofacial, or oral surgery. The following is
an overview of existing robotic systems for surgical bone milling, drilling, cutting, and grinding.
Cranial, Maxillofacial and Oral Surgery
Cranial surgery is a procedure that involves surgery on the skull (cranium). In cranial surgery,
osteotomies with high accuracy are required for various applications. For example, in procedures
requiring drilling and milling of the mastoid portion of the temporal bone, so-called mastoidectomies. Many critical anatomical structures are embedded in the bone of the mastoid, including
the facial nerve and large blood vessels [123]. Procedures that require a mastoidectomy include
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tumor resections, the treatment of diseases and infections such as mastoiditis and cholesteatoma,
or the insertion of cochlear implants [124]. Cochlear implants are electronic devices that can restore hearing to people with severe or profound hearing loss. The implant system includes an
electrode array with stimulation electrodes that is implanted into the cochlea [125]. To implant
the electrode array inside the cochlea in a minimally invasive manner, an access tunnel can be
drilled from the mastoid’s lateral surface through the facial recess to the middle ear, so-called
direct cochlear access [126]. To safely drill the access tunnel for cochlear implantation through
the facial recess, a narrow triangular region framed by facial nerves, an accuracy of less than
0.5 mm is required [127, 128].
Several robotic devices have been developed to improve bone processing accuracy and reliability in cranial surgery, saving surgeons the tedious and time-consuming task of manually
exposing the access. Couldwell et al. [129] developed an automated surgical machining system for temporal bone opening using a cutting tool such as a drill. They provided a proof of
principle in a cadaveric temporal bone in a preclinical model, including image acquisition, planning, and registration. Danilchenko et al. [130] have presented an automated robotic system
for mastoidectomy based on an industrial robot and an optical tracking system. Similarly, Federspil et al. [131] used an industrial robot (RX130, Stäubli, Pfäffikon, Switzerland) to mill a
cavity for placing a cochlear implant. Additionally, they performed experimental milling of the
skull base with a hexapod robot to investigate the milling parameters for the procedure [132].
Lim et al. [133, 134] and Xia et al. [135] have also presented robot-assisted systems for temporal bone milling. In both systems, the surgeon guided the robot-mounted surgical drill in
a cooperative control approach, where the robot constrained the tool movement near a predefined critical region. A bone-attached robot for temporal bone milling was developed by Dillon
et al. [123, 136]. Their goal was to simplify and shorten the extensive and exhausting bone
removal procedure required to reach tumors within the auditory canal (e.g., vestibular schwannomas) before they can be carefully separated from the surrounding tissue and removed. They
also evaluated the milling forces required for robotic removal of human temporal bone [137].
Labadi et al. presented two non-robotic approaches. One approach was based on computerassisted navigation of the manually guided drilling tool [138]. For registration with and tracking
of the anatomy, they used a dental bite-block with an affixed fiducial frame. The other approach
was based on patient-specific frames that were mounted on the patient’s head and constrained
the drill to move only along the desired trajectory [139, 140]. They started to evaluate this approach clinically in 2014 [141]. The same research group also presented an approach based on
a bone-mounted robotic frame with a parallel structure [125]. Kobler et al. [142, 127], and Pile
et al. [143] have also developed parallel mechanisms for minimally invasive cochlear implant
surgery. Kobler et al. used a passive bone-attached parallel mechanism that could be manually
adjusted to align the drill along a specified trajectory. The device of Pile et al. was wire-actuated
and designed for electrode insertion into the cochlea. Caversaccio et al. [144] presented a device based on a robotic arm attached to the operating table controlling the surgical instruments’
position. Previous versions of the device were presented by Bell et al. [128, 126]. The robotic
system allowed drilling a preoperatively planned tunnel based on CT images with a geometric
accuracy of 0.15±0.08 mm at the cochlea [126]. For accurate control of the robotic arm holding
the surgical instrument, an active marker was anchored on the patient’s bone and tracked with
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an active optical tracking system. The patient’s head was fixed with respect to the robot using
a noninvasive headrest using inflatable pressure pads. They successfully carried out the first
clinical trials in 2019 [145].
Maxillofacial surgery is a branch of surgery that mainly deals with operations on the facial
bones and surrounding soft tissues. Thus, maxillofacial surgery often requires bone processing,
such as cutting, shaping, repositioning, fixing bone with screws and plates, transplanting bone,
and inserting implants. High demands are placed on the accuracy of bone processing in this
field. On one side, because the shape, position, and alignment of the bone directly influence
the aesthetic appearance of the face and skull and are of great importance to the patient. On
the other side, the involved bone structures have complex 3-dimensional shapes and are close to
vulnerable structures. The vast majority of modifications to the bones in maxillofacial surgery
are performed entirely manually by a team of surgeons using the classic tools for osteotomy
(retractor hooks, electric drills, various pliers, hammer, chisel, electric saw, and a metal ruler for
measuring). It is a challenge for the surgeon to achieve the desired accuracy of approximately
1 mm in the bone positioning and it is even more challenging to realize the desired orientation
of the bone segments [146, 147].
Several robotic devices have been developed to assist the surgeon in maxillofacial surgery.
Kavanagh conducted the first preclinical tests of a robot in the oral cavity, jaw, and face in 1994
with the ROBODOC system [148]. In September 1999, “Otto” was the first robotic system to
receive clinical approval for oral and maxillofacial surgery [146]. Another example is the robot
developed by Burghart et al. [149]. The system was based on a serial robot (RX90, Stäubli,
Pfäffikon, Switzerland) with a force-torque sensor and a surgical saw mounted on the flange, and
an infrared navigation system. They evaluated the complete workflow from image acquisition to
planning and intraoperative robotic support on porcine cadavers. In the experiment, the surgeon
manually guided the robot flange with the saw. The robotic system restricted the surgeon’s
movements so that he could not deviate more than 3-5 mm perpendicular to the planned cutting
trajectory (shared control). De Ceulaer et al. [150] published a comprehensive systematic review
of the literature on the use of robots in oral and maxillofacial, head and neck surgery in 2012. A
more recent review is provided by Liu et al. [151]. They stated that the diversity of maxillofacial
surgery has set back the development of robotic surgery a bit and suggested that standardisation
of surgical procedures would facilitate the use of robotic systems. They also identified technical
hurdles that make the use of robotic systems difficult, such as increased operating time due to
calibration and registration or the lack of haptic feedback. Aside from robotic devices, also
devices for navigation assistance were developed, a corresponding overview has been published
by Kumar et al. [152].
Oral surgery concerns operations in the oral cavity or upper and lower jaws. In oral surgery,
robotic assistance is used, for example, for placing dental implants and the corresponding preparation of the jawbone. An overview of robotic systems in dental implantology is given by Wu et
al. [153]. One example is the robotic dental surgery system called Yomi (Neocis Inc, Miami, FL,
USA) [154, 155], which was approved by the Food and Drug Administration (FDA) in 2017 for
dental implant procedures. The system assists the surgeon by haptically constraining the guided
drill in position, orientation, and depth.
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Orthopedics
In orthopedics, the exact positioning of surgical instruments and placement of implants is of
great importance for the clinical outcome (e.g., the survival rate of an implant [82]). Therefore,
robotic systems are used in orthopedics, for example, to increase the accuracy of implant placement according to a preoperative plan (e.g., pedicle screw placement in spine surgery or implant
alignment in knee surgery). Most robotic systems in orthopedics include similar system modalities: i) modalities for creating a patient-specific model and intervention plan, ii) modalities for
intraoperative registration of the patient’s anatomy to the patient model and intervention plan,
and iii) robotic systems that assist the surgeon in performing the planned bone preparation.
Robotic systems in orthopedics are often classified into passive, semi-active, and active systems based on their autonomy and interaction with the surgeon [156, 157, 158, 159]. Passive
systems provide the surgeon with information and do not perform any action independently
(e.g., preoperative planners, surgical simulators, or intraoperative guidance systems). According to the classification of Attanasio et al. [113], these systems are considered to have “level
1” autonomy, i.e., robot assistance, and are considered so-called passive assistance systems.
Semi-active systems act in a shared control with the surgeon; for example, they can physically
constrain the surgical action to protect previously defined zones or follow a predefined strategy.
According to the classification of Attanasio et al., these systems are also considered to have
“level 1” autonomy and are considered so-called active assistance systems. Active systems can
perform tasks autonomously under the supervision of the surgeon. According to the classification of Attanasio et al., these systems are considered to have “level 2” autonomy, i.e., task
autonomy. With regard to active systems in orthopedics, the terms autonomy and automation
are sometimes defined and used differently in the literature. Therefore, surgical robots that can
perform subtasks of a surgery automatically are sometimes referred to as autonomous robots
(e.g., the ROBODOC [158]).
The use of navigation and robotic assistance in orthopedic surgery increases and their application is expanding. Current applications include unicondylar, patello-femoral, and total knee
arthroplasty, as well as total hip arthroplasty, and spine surgery [158].
There are many reviews available on robotic systems in orthopedic surgery, including clinical
studies and results in terms of accuracy or cost efficiency, for example: for spine surgery by
Souza et al. [160] or Bertelsen et al. [161], for hip arthroplasty by Kayani et al. [162], for hip
and knee arthroplasty by Sousa et al. [159] or Lonner et al. [163], and for general orthopedic
surgery by Chen et al. [164]. For robot-assisted knee arthroplasty, Netravali et al. [165], Van der
List et al. [157], Jacofsky et al. [166], and Sousa et al. [159] have provided overviews. Wang
et al. [167] provided an extensive overview of computer-assisted systems for the spine, hip, and
knee, including surgical training, planning, and navigation systems.
In the field of spinal surgery, many interventions require the accurate placement and insertion
of pedicle screws. Pedicle screws are routinely used for various spinal interventions, for example, to correct deformities or to treat trauma. They can serve as anchor points to grip vertebral
bodies and can be used to attach rods and plates or to immobilise a part of the spine (i.e., spinal
fusion). The placement and insertion of pedicle screws into the vertebral body is a procedure
that requires the utmost precision, as misplacement can injure adjacent structures and have devastating vascular, neurological, and mechanical consequences [168]. As part of pedicle screw
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placement, it is necessary to drill holes in the vertebral body [169]. Fluoroscopy-guided and
computer-assisted navigation techniques have been developed as an alternative to the freehand
technique, relying solely on anatomic landmarks. These techniques have improved the safety
and precision of pedicle screw placement [170] but led to increased radiation exposure due to
repeated intraoperative imaging. Robot-assisted systems can further improve the accuracy and
consistency of pedicle screw placement in spinal surgery, minimise radiation exposure for patients, medical personnel, and surgeons, especially in minimally invasive surgery, and reduce
operating time [160, 168, 170].
Several robotic systems have received FDA approval for use in spine surgery, including Mazor X Stealth Edition (Mazor Robotics, Caesareas, Israel) [171], ExcelsiusGPS (Globus Medical, Audubon, PA, USA) [172, 173, 174], and ROSA (Zimmer Biomet, Warsaw, IN, USA) [175,
176]. Previous versions of the Mazor X Stealth Edition include Mazor X [177], Renaissance,
SpineAssist [178, 179, 180], and the MiniAture Robot for Surgical procedures (MARS) [181].
These robotic devices incorporate modalities for planning (e.g., optimal placement and size of
pedicle screws) and registration of the surgical instruments and the patient (pre- and intraoperatively using fluoroscopy and CT). The registration between the anatomy, the robotic arm, and
the planned intervention is carried out using optical tracking systems. For this purpose, corresponding remote markers are mounted on the vertebral bone and the robotic arm. A guide
for the instruments is placed at the robotic arm’s end-effector. The robotic arm positions this
guide according to planning. Various surgical instruments are then inserted through this guide
to perform procedures such as performing an incision or drilling bone. The guide placed with
the robotic arm prevents, for example, the bone drill from deviating from the planned trajectory.
In hip and knee arthroplasty, bones are often machined to place an implant. The treatment of
the bone directly influences the placement of the implant. The placement of the implant, in turn,
influences the joint kinematics and, therefore, the implant survival and patient satisfaction. In
hip and knee arthroplasty, robotic systems can help to limit human error, improve the accuracy
of implant placement according to a predefined plan, and, therefore, can improve the correct
restoration of joint kinematics and alignment [166]. A correct restoration can reduce the failure
rate of implants and the subsequent need for revision surgery.
Examples of robotic systems for hip and knee arthroplasty include the TSolution-One system
(THINK Surgical, Fremont, CA, USA) (previously ROBODOC by Curexo Technology Corporation) [182, 183], an active system, or the Mako system (Stryker, Kalamazoo, MI, USA), a
semi-active system (Fig. 1.13). Both systems have been FDA approved for total hip and knee
arthroplasty. The Mako system is also FDA approved for unicondylar knee arthroplasty. These
systems also feature modalities for planning based on preoperative CT imaging. Both systems
use a point-to-surface registration method to digitize the exposed bone’s surface using a probe
attached to the robot [183]. This surface registration allows cross-referencing the anatomy with
the robotic arm and the preoperative plan. The TSolution-One system has a robotic arm that can
automatically execute the planned bone removal with a mill. In the Mako system, a surgical tool
for bone resection (e.g., burr or cutting tool) is mounted at the robotic arm’s end effector, which
the surgeon manipulates (Fig. 1.13). The robotic arm provides haptic feedback to the surgeon
when he deviates from the planned bone resection.
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Figure 1.13: Mako system for application in hip, knee, and partial knee surgery. Pictures with
friendly permission from Stryker.
Robot-assisted systems that have received FDA approval for unicondylar knee arthroplasty
include the Mako system and the Navio (Smith & Newphew, Memphis, TN, USA) [184]. These
two robotic systems have shown to improve implant placement accuracy, ligament balance, and
tibial alignment in UKA [157]. Improved tibial alignment has been shown to increase implant
survival and reduce the need for revision surgery [82]. These results show that robotic surgery
can improve implant placement accuracy in UKA according to a preoperative plan [185].
In addition to these larger robots, there has been development of miniature bone-mounted
robots for orthopedics. For example, PiGalileo (Plus Orthopedics AG, Smith & Nephew, Switzerland) is a passive system that uses a hybrid navigated robotic device that clamps onto the mediolateral aspects of the distal femoral shaft. The Mini Bone-Attached Robotic System (MBARS)
was an active system developed for patello-femoral joint replacement procedures [186]. The
OMNIBotics robotic system (OMNIlife science, East Taunton, MA USA) [187] is a passive
miniature bone-mounted robot for total knee arthroplasty, formerly presented by Plaskos et al.
in 2005 as Praxiteles [188]. Song et al. [189] have developed an active system consisting of a
Hybrid Bone-Attached Robot for joint arthroplasty (HyBAR) that uses hinged prismatic joints
to provide a structurally rigid robot for minimally invasive joint arthroplasty [165].
Computer-, and robot-assisted devices have opened up new possibilities in orthopedics for
the simulation, planning, and precise implementation of interventions. However, there is still
room for improvement. A robust robotic structure is necessary to apply the necessary interaction forces to mechanically machine bones without deforming the robotic arm and affecting the
machining accuracy. Therefore, most existing robot-assisted systems for mechanical processing
of bones, be it milling, drilling, cutting, or grinding, tend to be based on large, rigid robotic
arms. Furthermore, most systems developed are based on robotic structures that guide or position a rigid instrument. This approach implies that the bone areas to be machined with this rigid
instrument must be exposed. A surgical method with a smaller incision is therefore difficult to
achieve. In procedures where only one hole needs to be drilled, no large incision is necessary, as
access with one minimal incision is sufficient. However, suppose the bone has to be machined
over a larger area (e.g., large area surface milling, several holes, or long bone cuts). In that
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case, the incision must be significantly enlarged to reach all the necessary areas with the rigid
instrument. As in other areas of surgery, small, flexible instruments would be advantageous in
such cases. However, it is challenging to develop such small instruments that can still exert sufficient force without deformation to accurately machine bone with mechanical tools (e.g., mills,
drills, or saws). Alternatively, non-conventional approaches to bone cutting that do not involve
large interaction forces, such as laser osteotomy, may enable the development of small, flexible
bone-cutting instruments.

1.3.2

Robotic Assisted Laser Osteotomy

Cutting bone with a laser (laser osteotomy) offers a low-contact-force alternative to cutting bone
with conventional mechanical tools [20]. Additionally, laser osteotomy using pulsed laser ablation enables faster bone healing, higher cutting precision, and increased freedom in the cutting
geometry compared with mechanical tools [28]. This increased freedom allows for functional
cutting geometries, such as a dove-tail cut or a tight fit, which may enable connections between
bone and implant that possess higher stability by construction [29]. Improved implant stability
can reduce the occurrence of revisions due to aseptic loosening [190]. Other positive aspects of
laser osteotomy compared to conventional mechanical osteotomy are reduced vibrations [30],
reduced heating of adjacent tissues [31], and the possibility of implementing feedback systems
to control the cutting depth [32].
The history of lasers for hard tissue ablation was summarized by Bernal et al. [191]: Lasers
have been used successfully in dermatology, ophthalmology, otolaryngology, and dentistry.
However, the applications were primarily limited to the treatment of soft tissue. The laser application for hard tissue was first used clinically in dentistry. The development of the appropriate
laser (suitable wavelength and water cooling), which makes bone ablation possible without causing carbonisation of the tissue, or thermal damage to the surrounding tissue, took time. Today,
the lasers used for hard tissue ablation are mainly neodymium-doped yttrium aluminum garnet
(Nd:YAG), CO2 , and erbium lasers.
To take full advantage of laser osteotomy, it is necessary to position the laser beam precisely,
as proposed by Kuttenberger et al. [192]. Accordingly, the combination of laser osteotomy with
robotic devices is not new: one example is the prototype system for laser osteotomy developed
by Burgner et al. [193, 20]. The system is based on a CO2 slab laser, which is guided by an
industrial robot (e.g., RX90 CR, Stäubli, Pfäffikon, Switzerland). The laser is guided to the
scan head mounted on the robot’s end-effector by means of a passive articulated mirror arm.
Another robotic laser osteotome is CARLO R (short for “Cold Ablation Robot-guided Laser
Osteotome”). CARLO is commercially available and was developed by the founders of the
company “Advanced Osteotomy Tools” (AOT, Basel, Switzerland) [194, 195, 35, 36, 29]. The
robotic laser osteotome is based on an erbium-doped yttrium aluminum garnet (Er:YAG) laser
and consists of a commercially available serial robot (LBR iiwa, KUKA AG, Augsburg, Germany) with a laser head mounted directly at the robot’s end-effector, which houses the laser
optics and components for irrigation. The serial robot guides the laser precisely along a predefined cutting trajectory. An optical tracking system is used to cross-reference the patient to the
robotic system and the planned osteotomy (Fig. 1.14). First studies with CARLO R on human
cadavers have been successfully completed [37]. With a similar setup, Jivraj et al. [196] pre-
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Figure 1.14: Cold ablation robot-guided laser osteotome CARLO R in 2019, first-in-man operation. Picture with friendly permission from Cyrill Bätscher, Advanced Osteotomy Tools - AOT
AG.
sented an alternative method for planning the cutting trajectory, in which the surgeon can draw
the desired trajectory by hand on the exposed bone surface.
The proposed and existing robotic laser osteotomy systems machine the bone in an open
surgical approach, i.e., the bone is exposed to provide a direct line of sight. Since this direct
access is necessary, it is possible to use existing and well-established robotic devices to control
the laser, i.e., large and rigid serial robots as in systems for conventional bone cutting presented
in the previous section. Since laser osteotomy is a low-contact-force method for cutting bone,
it could be performed by a flexible, dexterous, and small diameter device. Such a device could
allow minimally invasive procedures in which no direct line of sight to the bone is necessary for
treatment because the device can adapt to the patient’s anatomy. As outlined above, the existing
robotic systems for laser osteotomy do not yet exploit this advantage. However, there are other
areas of medicine in which minimally invasive laser applications are already being performed.

1.3.3

Flexible Robotic Instruments for Minimally Invasive Laser Interventions

Lasers are not only used in bone surgery but also in various other clinical applications, for
example, for optical biopsies or the ablation of soft tissue, as an alternative to conventional
instrumentation, such as scalpels or electrosurgery. When lasers are used in minimally invasive
interventions, flexible optical fibers are preferably used to bring the laser into place. These
flexible optical fibers can be placed inside a flexible instrument, such as an endoscope, and
guide the laser from its source outside the patient to the tip of the flexible instrument. At the
instrument’s tip, the laser beam exits the optical fiber and acts on the pathology. With this
approach, there is no longer a need for a direct line of sight to the pathology where the laser has
to act. The flexible instrument can adapt to the patient’s anatomy, and the approach can be carried
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Figure 1.15: Approaches for laser steering using flexible instruments in minimally invasive interventions.

out minimally invasive. However, manual control of these optical fibers or the instruments that
guide these optical fibers is a challenge for the surgeon.
Robotic devices can help simplify the handling of these laser instruments. There are different
approaches for controlling lasers in a minimally invasive setting (Fig. 1.15). The optical fiber can
be fixed inside the flexible instrument. The laser’s interaction with the tissue is controlled by directly moving this flexible instrument, hereinafter referred to as “instrument steering”. Another
possible approach is to actuate and control the fiber’s movement within the flexible instrument,
called “fiber steering” [197]. Another option is to steer the laser beam after it leaves the optical fiber using optical components such as mirrors or prisms, called “optical steering” [197].
For each of these approaches, different devices have been developed for different medical interventions. Some of the existing devices are listed below, and an overview of some of their
characteristics is given in Table 1.1.
A typical application for minimally invasive, flexible robotic devices for laser manipulation
is head and neck surgery. Various robotic devices have been proposed to overcome the limitations of manual laser manipulation in this delicate anatomy [198]. For example, Solares et
al. [199] as well as Blanco et al. [200] used the da Vinci robotic platform (Intuitive Surgical,
Sunnyvale, CA, USA) in combination with CO2 laser for surgery on the vocal cords. Apart
from interventions using the da Vinci platform, Kundrat et al. [201, 202, 203] have developed
a dedicated dexterous robotic endoscope for robotic transoral laser surgery. Other presented
approaches in this application field include the cable-driven parallel robot for fiber steering by
Zhao et al. [204], or the endoscope with an integrated laser steering system based on piezoelectric motors for mirror steering by Renevier et al. [205], or for Risley prism steering by Patel et
al. [206], respectively.
Another prominent field of application for flexible robotic laser surgery are transurethral
surgical interventions, for example, prostate surgery. Hendrick et al. [207] presented a hand-held
device based on two concentric tube robots that control a holmium laser for prostate resection
(based on previous work of Simaan et al. [208]). Another version of the device was presented
by Goldman et al. using a teleoperated continuum robot system [209] with three instrument
channels to accommodate a fiberscope, laser cautery fiber, and biopsy forceps with an overall
diameter of 5 mm.
Flexible robotic instruments with laser are also used in fetoscopic interventions. Yamashita
et al. [210] and Dwyer et al. [211] presented miniature bending manipulators for fetoscopic in-
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trauterine laser therapy to treat the twin-to-twin transfusion syndrome. The bending manipulator
of Yamashita et al. was based on wire-guided linkages and features a hollow central channel
through which a glass fiber for a Nd:YAG laser was guided. Dywer et al. proposed to use a two
degree of freedom (DoF) concentric tube robot coupled to a 7 DoF serial robotic arm (LBR iiwa,
KUKA AG).
Another field of application for minimally invasive laser interventions is optical biopsy.
This field is not concerned with the removal of tissue. In contrast, optical biopsy aims to obtain histology-like images from inside the human body without removing tissue, i.e., allowing minimally invasive histological tissue analysis. Examples of minimally invasive optical
biopsy techniques include confocal laser endomicroscopy (CLE) or optical coherence tomography (OCT). OCT is an imaging technique that works similar to US, but using light waves
instead of sound waves; the coherence property of light reflected from tissue is used to determine the location of the reflection sites [212]. Applications of OCT include ophthalmology and
cardiology [213, 214]. CLE was primarily developed to obtain images of the mucosal layer
of the gastrointestinal (GI) tract, enabling endoscopic, histological diagnosis in real-time. The
imaging process of CLE is based on tissue illumination using a low-power laser and detecting
the reflected fluorescent light [215, 216]. In the field of optical biopsy, devices have been developed that enable rapid and precise optical scanning of tissue to create a histological map of
the tissue by combining adjacent images to create a mosaic image. Kiesslich et al. [217] integrated a confocal laser endomicroscope into the distal tip of a conventional video colonoscope
to facilitate the prediction of colonic pathology. Zuo et al. [218] developed a robotic scanning
device for the thoracic cavity. The device was based on a coupling mechanism and enabled
2-dimensional scanning motion. A hollow channel guided the endomicroscopy probe to the tip
of the device. They combined the device with an inflatable balloon to stabilize tissue contact
during scanning. Dwyer et al. [219] presented a robotic probe for the fusion of ultrasound and
endomicroscopy. Their device included an ultrasound probe and a microscopy probe mounted
on the tip of a flexible instrument. The instrument allowed bending of the distal tip and had a
passive force-adaptive mechanism to ensure tissue contact. The microscopy probe (field of view
≈ 1 mm) could be moved linearly along the ultrasound transducer (length of ≈ 10 mm) to perform a scan. Erden et al. [220] developed a distal scanner for confocal microlaparoscopy with
a stabilization tube mounted on the tissue. The microlaparoscope probe and scanning mechanism were installed inside this tube. The scanning mechanism created a spiral movement of the
microlaparoscope probe to perform scans of the tissue inside the tube. A similar version of this
device for confocal endomicroscopy was presented by Rosa et al. [221], where balloon catheters
enabled the probe’s movement inside the tube.
Other flexible instruments for minimally invasive surgery using laser were developed for
soft tissue resection in general. Acemoglu et al. [222] presented a magnetic fiber steering device
for tissue ablation. They used miniature electromagnetic coils to bend the fiber via a permanent
magnet that was bonded to the fiber. Integration into a flexible robotic endoscope and integration
of a laser for tissue ablation was stated to be part of their future work. Su et al. [223, 224] presented an endoscopic instrument for minimally invasive laser steering, for example, in precision
neurosurgery. York et al. [197] presented a microrobotic laser steering system with a diameter
of 6 mm and a length of 16 mm. They interfaced their device with a commercial colonoscope
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and simulated a polyp resection task on a surgical simulator. They used a low powered visible
laser and did not yet show the integration of a high power surgical laser for tissue ablation. A
previous version of their device was presented by Bothner et al. [225] for transoral surgery.
Many devices have been developed for controlling lasers in minimally invasive medical applications. However, none of the flexible devices found in the literature featured a high-power
laser, which would be required for bone cutting in a minimally invasive way. This could be
because some challenges in the field of laser physics have not yet been solved (e.g., the successful coupling of a high-energy laser into a small, flexible fiber). In areas that demand less laser
energy, such as soft tissue ablation or optical biopsies, devices to manipulate lasers were developed. However, even apart from the lack of a high-power laser, these devices are not suitable
for minimally invasive bone cutting. Many of these devices operate at a considerable distance
from the pathology (often ≥ 20 mm, see Table 1.1). This space may be available in cavities
such as the mouth, throat, colon, bladder, or abdomen, but not above bone surfaces in joints.
Almost all of these devices were designed so that their longitudinal axis is oriented perpendicular to the treatment surface. This perpendicular orientation results in the need for additional
space above the pathology. Furthermore, to approximate the entire space required above the
pathology, the length of the last rigid element of the device tip must also be taken into account
(usually ≥ 10 mm, see Table 1.1). Also, the existing devices are not suitable to realize long,
accurate bone cuts. Many devices can place the laser beam over a relatively large area with
a high degree of precision. However, they achieve this by accurate angular deflection of the
laser beam. Accordingly, the closer the device is placed to the tissue, the smaller the operating
range. A few devices seem interesting in terms of size but have not been evaluated in terms of
laser positioning accuracy. In minimally invasive bone surgery, we aim to make long bone cuts
with high accuracy and within the narrow space available above the bone surfaces in a joint.
Thus, the robotic device that guides the laser needs to i) have a large workspace, ii) be flexible, dexterous, and small in diameter to allow minimally invasive insertion and manipulation in
the narrow space above the bone, and iii) allow submillimeter laser positioning accuracy. The
devices available today are not suitable for this task.

1.4

Scientific Challenges and Open Questions

The trend towards less invasive interventions is one of the main drivers of technological innovation in surgery. In almost all areas of surgery, new technical developments have facilitated decreasingly invasive procedures and thus have contributed to increased patient well-being. Minimally invasive surgery poses greater challenges for surgeons than open surgery because they
need to use more complex equipment to reach the surgical site and no longer have a direct view
and overview. Technical innovations such as robotics come in to assist surgeons in challenging
minimally invasive interventions. Due to the complementary strengths and weaknesses of humans and robots, robotic devices can ideally support and complement surgeons, for example, in
the area of accuracy.
In medical procedures where bone has to be machined, robotic devices can improve bone
processing accuracy and thus the surgical outcome (e.g., accurate implant placement or safe bone
processing near sensitive structures). The mechanical machining of bone tissue using mills,
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drills, and saws has several unwanted implications. For example, high contact forces occur
between the tool and the bone tissue. Accordingly, relatively large and rigid robotic devices are
used to enable accurate processing of the bone despite these contact forces. Realizing a flexible,
dexterous, and small diameter device that adapts to the patient’s anatomy and thus allows less
invasive interventions does not seem feasible. The development of alternative, non-conventional
methods to machine bone with lower interaction forces, such as laser osteotomy, could change
this.
Cutting bone with lasers is a promising alternative to mechanical bone machining with many
advantages and new possibilities (e.g., better healing or new cutting geometries). However,
existing devices in this field are based on large, rigid structures that guide the laser and require
exposing the bone to allow direct access with the laser. To the best of our knowledge, a laser
osteotome that allows minimally invasive bone cutting without direct line of sight based on a
flexible, dexterous, and small diameter device that can adapt to the patient’s anatomy was not
presented.
The development of robotic devices for minimally invasive surgery is a challenge for several
reasons. The devices must have a high degree of flexibility and still have a small diameter in
order to be able to adapt to the patient’s anatomy without damaging the surrounding tissue. In
addition to these requirements, the device must allow for accurate positioning of the laser in a
large operating range to enable accurate and long bone cuts. Another challenge is that the exact
environmental conditions for a robot in the body are difficult to quantify. Especially for novel
surgical interventions, there are no empirical values that can be used.
The presented flexible devices for minimally invasive laser surgery are not suitable for minimally invasive interventions on bones, such as in the knee joint. The reasons include: they are
too large, take up too much space above the pathology, were not developed for high-accuracy
applications, have too small a working volume, or are not suitable due to their kinematic structure.
In this work, I addressed the challenges of robotics in developing a minimally invasive laser
osteotome to bring minimally invasive laser bone cutting closer to reality. As a first application,
my work is in particular dedicated to UKA. I investigated the following scientific challenges and
open questions in this thesis:
1. How could a robotic device be implemented to stabilize and accurately position a laser for
minimally invasive bone cutting?
2. How could minimally invasive UKA be performed using a robotic laser osteotome? How
to derive requirements for robot design from the environmental conditions and anatomic
constraints in the knee?
3. Can the implemented robotic device be miniaturized to the required size? What are the
limitations in the miniaturization process?
4. How can this robotic device be inserted and placed at the intervention site in a minimally
invasive manner?
The first research question was addressed in Chapter 2, Chapter 3, and Chapter 4. In Chapter 2, I present a concept based on a parallel mechanism mounted at the tip of a robotic endoscope
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that can attach to the bone with two legs. In Chapter 3, an upscaled prototype of this parallel
mechanism is presented and evaluated, providing the first proof of concept. In Chapter 4, I
present a concept that allows the parallel mechanism to reposition its two attachment points on
the bone, allowing it to “walk” along the bone and extend the laser’s operating range.
The second research question was addressed in Chapter 5 and Chapter 6. Chapter 5 presents
an experiment in which I determined the magnitude of the interaction forces between an endoscope-like probe and the surrounding tissue in the knee joint. In the publication presented
in Chapter 6, I determined and analyzed the available manipulation volume during minimally
invasive surgery inside the knee joint in a cadaver study.
The third research question was addressed in Chapter 7, where I presented a miniaturized
version of the parallel mechanism for laser positioning and its accuracy evaluation.
The fourth research question was addressed in Chapter 8, where I presented the overall
robotic system for minimally invasive laser osteotomy based on the macro-milli-micro approach.
The system consisted of a serial manipulator (macro-system), holding and guiding a robotic
endoscope (milli-system), at the tip of which the miniature parallel robot (micro-system) was
mounted.
The achievements, current limitations, and possible future developments of this work are
discussed in Chapter 9 with an overall conclusion in Chapter 10 and outlook in Chapter 11.

Head and Neck Surgery

Transurethral
Surgery

Fetoscopic
Surgery

Optical Biopsies

Robotic scanning probe,
Zuo et al., 2016 [218]
Miniature scanner for confocal microlaparaoscopy, Erden et al., 2013 [220]
Device for imaging in MIS,
Noonan et al., 2008 [226])
Device for robotized optical biopsies,
Rosa et al., 2011 [221]
Confocal laser endoscopy,
Kiesslich et al., 2004 [217]
Robotic probe for ultrasound and endomicroscopy, Dwyer et al.,
2015 [219]
Micro laser ablation system,
Su et al., 2015 [223]
Microrobotic laser steering,
York et al., 2021 [197]

5.5 × 12 mm2 triangle
with 10 mm depth
Sphere with  40 mm
-

Hemiellipsoid
(semi
axes ≈ 25 mm, 30 mm,
20 mm)*
(Surface of hemisphere
with 50 mm)*
3 mm2

⊥, 17 mm, 50 mm, > 60 mm
⊥, 22 mm, 22 mm, 1 mm

⊥ ,one tip: 5 mm, total: 8.66 mm, (> 20 mm)*, -

⊥, 2.45 mm, -, ⊥, 3.5 mm, -, -

4×

Fiber inclination angle up
to 26◦
18 × 18 mm2

⊥, 12.8 mm, 43 mm, k, < 15 mm, (> 40 mm)*, tissue contact

⊥, 5 mm, (> 10 mm)*, ⊥, 6 mm, 16 mm, 25 mm

-

⊥, < 12 mm, (> 30 mm), tissue contact

12 mm2

20 mm

⊥, 8.5 mm, (22 mm)*, 35 mm

⊥, 5 mm, (> 12 mm)*, tissue contact

⊥, 4 mm, 25 mm, tissue contact

⊥, 5 mm, -, -

18 ×

10 mm2

⊥, (15 mm)***, (45 mm)***, 20 mm

20 mm2

45 × 45 ×
20 ×

⊥, 11 mm, (45 mm)*, 20 mm

Robotic endoscope for laser surgery,
Kundrat et al., 2019 [202, 203]
Laser steering system, Renevier et al.,
2016 [205]
Laser steering end-effector,
Bothner et al., 2019 [225]
Laser scalpel, Patel et al., 2012 [206]
Robotic system for transoral laser
phonosurgery, Zhao et al., 2020 [204]
Telerobotic system for transurethral intervention, Goldman et al., 2012 [209]
Hand-held robotic system for laser
prostate surgery, Hendrick et al.,
2014 [207]
Device for fetoscopic interventions,
Dwyer et al., 2017 [211]
Miniature bending manipulator,
Yamashita et al., 2008 [210]

30 mm3

Range of Motion

⊥, 14 mm, 42 mm, 20-25 mm

Orientation, Diameter, Length, Working Distance

Device, Authors, Year of Publication

0.18◦

Max 2σ standard distance of 2.14 mm, with
compensation 0.72 mm, static repeatability:
2σ standard distance of 0.2 mm
-

-

-

(Closest distance to desired trajectory)*,
mean: 0.018 mm, max: 0.051 mm
-

(Closest distance to desired trajectory)* 80 %
of samples < ±0.035 mm (max > 0.5 mm)*
> 1 mm

Repeatability: 0.26 mm

0.2±0.1 mm

(> 3 mm)*, repeatability: 0.77 mm

-

2.12 mm

<
repeatability:
≈ 0.09 ± 0.03 mm, max: 0.289 mm

5◦ ,

Path tracing error in teleoperation mode: most
subjects < 0.75 mm, max 1.12 mm
Root-mean-square error of 88.35 µ, standard
deviation of 60.32 µ
(Max trajectory following error > 1 mm)*

Tool or Tip Positioning Accuracy

Instrument steering

Fiber steering

Optical steering

Laser ablation end-effector for MIS, ⊥, 10 mm, 12 mm, Cone with apex angle
Su et al., 2015 [224]
110◦
Laser scanner for endoscopic micro- ⊥, 13 mm, 60 mm , 30 mm
4 × 4 mm2
Closest distance to desired trajectory:
surgery, Acemoglu et al., 2019 [222]
0.09 mm
For continuum robots, the bending radius of the distal element is specified as length.
(...)* → estimate based on the paper content, (...)** → velocity values that were not explicitly measured with the stated accuracy, (...)*** → according to York et al. [197]

Soft Tissue Ablation

Test bench

94 mm/ sec for errors
≤ 1 mrad

Test bench

-

Ex vivo, animal

-

-

(max:
3900 mm/ sec)**

-

0.7 mm/ sec

-

Test bench

(Test bench)*
(0.5 mm/ sec)*

Test bench
(36 ◦ / sec)**

Test bench

Test bench

Test bench

-

Test bench

Test bench
Test bench

Test bench

Human cadaver

← Experimental
Conditions
Test bench

(Scanning: 50 sec for
30 mm2 )**
(< 0.5 mm/ sec)*

-

-

-

-

1 mm/ sec

(2000 mm/ sec)***

-

≤ 3.5 mm/ sec

Tool Velocity

Table 1.1: Flexible Robotic Instruments for Minimally Invasive Laser Interventions
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Chapter 2

Robotic Minimally Invasive Laser
Osteotomy: Concept
Foreword and Overview
The publication presented in this chapter describes the concept of a novel device for the stable
and accurate positioning of a minimally invasive laser osteotome. The presented device was
based on a six bar parallel structure mechanism, which guides the laser in three planar degrees
of freedom and can be mounted at the tip of a robotic endoscope. The laser would be mounted
on the mobile platform of the parallel mechanism. The parallel mechanism had two legs that
would attach to the bone for increased stabilization and laser guidance accuracy. The concept
also envisaged a decoupling between the parallel mechanism and the robotic endoscope once the
mechanism would be attached to the bone. This decoupling aimed at minimizing the transmission of interferences to the parallel mechanism and thus increasing its accuracy. The topology
of the parallel mechanism and calculations of its planar workspace were described. The presented workspace calculations were based on preliminary assumptions about the mechanism’s
size, which later were found to be oversized. Before publication, we filed a patent application
on the concept of this mechanism entitled “Medical Endodevice” in June 2017 [227].

2.1

Introduction

Robot-assisted surgery allows surgeons to surpass limitations of human performance. In particular, surgical robots increase the surgeon’s performance by functionalities like movement
scaling and tremor suppression. Surgical robots also allow transferring preoperatively planned
interventions precisely into practice. Particularly for frequent orthopedic interventions such as
hip and knee surgeries, surgical robots can produce cuts with high fit accuracy. Commercially
The paper presented in this chapter with the title “Positioning and Stabilization of a minimally invasive Laser
Osteotome” was presented in form of an oral presentation at the Hamlyn Symposium on Medical Robotics, June 2017,
London, United Kingdom. It was published as part of the symposium proceedings [1]. The publication is available
online at: https://doi.org/10.3929/ethz-b-000224870 (accessed 28 Feb 2021).
Copyright and licensing information can be found in the Preface.
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Figure 2.1: Laser osteotome consisting of a serial robot that holds a robotic endoscope (diameter
15 mm). The end-effector (blue) of the robotic endoscope consists of a parallel robot which
carries the laser optics and can be fixed to the bone which is to be cut. Figure adapted with
permission from [228] and [229] (Copyright by AO Foundation, Switzerland).
available systems for robotic and robot-assisted hip and knee replacement surgeries include the
ROBODOC (THINK Surgical, Inc., Fremont, CA, USA), the Mako (Stryker Corporation, Kalamazoo, MI, USA), the NAVIO Surgical System (Smith and Nephew, London, UK) and iBlock
(OMNIlife Science, East Taunton, MA, USA). Until today, the standards for cutting bone in
surgical interventions are oscillating bone saws and drills. This is also true for cutting bone
with robots. However, using a laser to cut bone offers multiple advantages. These advantages
are: i) higher flexibility in the ablation geometry, ii) smaller cut width compared to mechanical
tools, iii) high accuracy, and iv) faster healing of the bone ([27, 31]). The CARLO system is the
first medical robot that can cut bone in open surgery without contact due to cold laser ablation
technology [195]. Currently, we are developing a computer-aided laser osteotome which aims
at combining the advantages of robot-assisted laser osteotomy and minimally invasive surgery
(MIS). The final system will consist of a serial robot which manipulates a robotic endoscope.
The end-effector at the tip of the endoscope will contain the laser optics as well as additional
devices for laser ablation such as irrigation and vision (see Fig. 2.1). As a first application,
we focus on unicondylar knee arthroplasty (UKA). We consider UKA as a benchmark application for MIS laser osteotomy since it involves cutting of thick bones such as the femur. UKA
also allows testing any other functionality required for endoscopes in MIS laser surgery such as
irrigation, laser ablation, endoscope manipulation, visual feedback, planning and execution of
pre-planned movements, registration and tissue characterization.
One main challenge from the robotics point of view is the positioning and stabilization of

2.2. Materials and Methods

39

Figure 2.2: Schematic illustration of the mechanism’s DoFs. From left to right; Folded during
insertion, unfolding and attaching by moving the four sliders accordingly, planar movement in
two translations and a rotation. The mechanism’s parts are: Two fixed anchoring points (1) and
four legs (2) mounted on actuated sliders (3) that can move on linear rails (4) (designated by
grey lines). The laser (5) operates orthogonal to the end-effector.
the end-effector at the intervention site. Since the end-effector is far away from the robot’s
base, many sources of disturbance can influence the pose of the end-effector. This way, disturbances can prevent the irrigation device and the narrow laser beam from precise targeting.
Thus, carbonization, unprecise cuts, or undesired tissue damage could be the result. To prevent
disturbances from influencing the laser osteotome’s performance, this paper presents for the first
time a stabilization mechanism for a laser osteotome.

2.2

Materials and Methods

Based on a preceding evaluation, we have decided to stabilize the end-effector of the laser osteotome using a bone mounted mechanism. This mechanism first attaches the end-effector to the
bone. In a second step the endoscope’s shaft is decoupled from the end-effector by decreasing
the stiffness of the endoscope’s flexible shaft. In this way, disturbances on the robot’s side that
holds the endoscope are not transferred to the end-effector.
More importantly, movements of the patient’s bone are directly transferred to the endoscope’s end-effector that will move together with the bone. Hence, the relative pose of the
end-effector with respect to the bone can be maintained. A key component of the stabilization
mechanism is a planar parallel manipulator integrated into the end-effector. This manipulator
(six bar mechanism) is connected to the bone at two anchoring points. For example by means of
suction. To position the laser, the mechanism has three planar active degrees of freedom (DoFs)
(see Fig. 2.2). In addition, the laser optics will have a long depth of focus that allows us to adjust
the ablation location in vertical direction.
The main components of the six bar mechanism are: the base, the body of the end-effector,
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Figure 2.3: CAD-model of the mechanism mounted on the robotic endoscope. (6) illustrates the
cable actuator of the upper right leg. The other part numbers are described in Fig. 2.2.

and two legs on each side. Each of the four legs is mounted on one side on a separate slider
which can glide on a separate linear rail (see Fig. 2.3). The other side of each leg can pivot about
the corresponding anchoring point. All four sliders are actuated from outside the endoscope
using cables with pre-tension springs controlled by motors. During insertion and extraction of
the endoscope into and out of the patient, the legs can be folded away, making the mechanism
suitable for MIS.
One crucial characteristic of the mechanism is the space in which the end-effector can place
the laser optics when the anchoring points are set. The shape and size of this workspace depends
on four mechanical parameters of the mechanism, namely the length of the legs, the length of the
linear rails, the distance between the anchoring points, and the distance between the linear rails
on the right and left side of the mechanism. In order to maximize the workspace of the laser,
the respective optimal set of parameters needs to be found. This is known as “the synthesis
problem” in parallel robotics [230]. We used a custom written search algorithm in MATLAB to
find the four parameters which result in a maximal workspace in terms of the covered area by
the laser.

2.3

Results

From all the parameter sets investigated, the largest workspace calculated has a size of 759 mm2 .
It is obtained with the largest considered rail length of 35 mm, a leg length of 6 mm, the minimal
considered rail distance of 4 mm and an anchoring distance of 15 mm. The resulting workspace
is shown in Fig. 2.4. The simulation results also showed that the shape of the workspace is
symmetric and has a similar form for all parameter sets which lead to large workspaces.
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Figure 2.4: Illustration of the largest obtained planar workspace of the mechanism (in red) projected onto the femur for size relation. The anchoring points are marked by black dots. The
dotted lines represent the maximal straight cuts parallel (39 mm) and orthogonal (30 mm) to the
virtual line that connects the two anchor points.

2.4

Discussion

This paper describes the design of a parallel robot that is connected to the surface of bone and
provides a stable platform for minimally invasive laser osteotomy. The mechanism enables up to
39 mm long straight line cuts parallel and 30 mm orthogonal to the base of the robot as illustrated
in Fig. 2.4. It enables a workspace which is approximately 1.5 times larger than the footprint of
the mechanism.
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Chapter 3

Robotic Minimally Invasive Laser
Osteotomy: Proof of Concept
Foreword and Overview
In the publication presented in this chapter, I demonstrated a first proof of concept of the previously proposed parallel mechanism for laser osteotomy with an upscaled prototype. I presented
details on the parallel mechanism’s design, kinematics, and workspace. The actuation of the
upscaled prototype was based on sliders moving along linear rails and remotely controlled by
tendons guided to the mechanism via Bowden tubes. The experimental setup included a lowpower laser, a laser fiber that guided the laser from its source to the parallel mechanism, and
a small mirror to redirect the laser to the surface below the mechanism. In a path-following
experiment, I was able to show that the concept is promising and identified challenges that arose
from the remote actuation using tendons and Bowden tubes.

Abstract
This paper presents a parallel robotic mechanism for endoscope tip stabilization and guidance
for a robot-assisted minimally invasive laser osteotome. The mechanism attaches to the bone of
the patient, providing a stable and robust platform for the laser integrated in the endoscope tip
which has to be moved precisely in the sub-millimeter range along a preoperatively planned path.
This method is only possible because cutting bone with laser instead of using conventional bone
drills and saws involves considerably lower interaction forces. The design, kinematics, control,
and motion performance of the concept are presented for an upscaled prototype. The obtained
deviation of the endoscope tip motion from the reference path lies in the sub-millimeter range.
This result allows us to conclude that the concept is more than promising. Furthermore, we
This work was presented with the title “A Parallel Robotic Mechanism for the Stabilization and Guidance of
an Endoscope Tip in Laser Osteotomy” in form of an oral presentation at the IEEE International Conference on
Intelligent Robots and Systems (IROS), October 2018, Madrid, Spain. The article was published in the conference
proceedings [2], which are available online at: https://doi.org/10.1109/IROS.2018.8594188 (accessed 31 Dec 2020).
Copyright and licensing information can be found in the Preface.
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expect that the herein presented principle will influence the way osteotomies will be performed
in the future.

3.1

Introduction

Until today, interventions using minimally invasive techniques require that the surgeons are
highly skilled on many levels: fine motor skills, exceptional knowledge of the anatomy, good
spatial sense and patience [231]. The difficult conditions in minimally invasive surgery such as a
limited view or restrictions of the workspace and the according manipulation options of the tools
and the endoscope require the surgeons to refine their skills through many hours of training.
We are working on a minimally invasive single-port surgery device that will replace conventional
mechanical osteotomes by a thin pulsed laser beam (Fig. 3.1). Currently, we focus on using our
device for unicompartmental knee arthroplasty. The advantages of lasers over conventional tools
for osteotomies are faster bone healing, higher cutting precision, and an increased freedom in the
cutting geometry [31]. However, to enable precise and in particular deep bone cuts, the pulsed
laser has to be moved several times with steps in the sub-millimeter range along the cutting path
to ablate the bone layer by layer. Such high precision cannot be achieved through manual manipulation of the laser by a human [34]. Therefore, based on the requirements for the planned
intervention we have developed a parallel robotic mechanism for the tip of a flexible endoscope
[1, 227]. This parallel mechanism attaches to the bone and enables a precise motion of the laser
along predefined paths. Additionally, the direct connection between the endoscope tip and the
bone increases the robustness of the laser against mechanical disturbances on the patient or the
endoscope.
To our knowledge, there are only few other examples in literature where a parallel robot has
been used in an endoscope tip [232, 233, 234], while there exist a few more examples for parallel manipulators in medical applications that guide surgical tools from outside the patient, e.g.
[179], or [186]. The parallel manipulators integrated in the endoscope tip presented by Merlet
et al. [232], Wendlandt et al. [233] or Ibrahim et al. [234] were applied to increase mobility and
accuracy of the endoscope tip relative to the endoscope base. In contrast, we aim at positioning
and stabilizing the entire endoscope tip directly in relation to the target tissue, i.e. the bone.
Therefore, a robust connection to the target tissue is provided by directly attaching the mechanism to it. It seems that a similar approach has never been attempted so far since the interaction
of conventional tools with the target tissue leads to relatively high interaction forces, in particular
for cutting hard tissue. In our case, the laser does not generate any interaction forces. The only
interaction forces occur between the surrounding tissue and the endoscope tip due to the limited
space inside the body. Based on the currently envisioned diameter of the laser focus point of
0.5 mm, we are aiming at a positioning accuracy of the endoscope tip in the sub-millimeter
range with a standard deviation of 0.25 mm in order to realize a continuous laser cut based on
point-wise ablation.
In this paper, the design, kinematics, control, and motion performance of the parallel robotic
concept are presented for an upscaled prototype (5:1).
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Figure 3.1: Illustration of the overall setup. A serial robot (1) is guiding a robotic endoscope (2)
for minimally invasive laser osteotomy. At the tip of this endoscope a parallel mechanism (3) is
integrated that can position and stabilize the endoscope tip. All optic components are integrated
in the endoscope tip where the laser beam (4) exits the endoscope orthogonally to its longitudinal
axis for ablating the bone below.

3.2

Parallel Mechanism Design

This section describes the general topology and design of the parallel mechanism as well as the
kinematic and workspace calculations.

3.2.1

General Design

The parallel mechanism consists of the following main components: the moving platform which
is the tip of the endoscope, the base which is the connection between the two anchor points on
the bone surface, and four arms (two on each side), as shown in Fig. 3.2. Each of the four arms is
connected to one of the two anchor points and to a linear slider through a passive revolute joint.
All four linear sliders are individually actuated and can glide on their own rail (prismatic joint).
Further, the anchor points are fixed to the base (i.e. the bone). To analyze the mobility of the
resulting parallel mechanism, the classical mobility formula for planar mechanisms is employed
[230]:
n
X
m = 3(l − n − 1) +
di = 3(10 − 12 − 1) + 12 = 3.
(3.1)
i=1

Here, l represents the total number of rigid bodies of the mechanism (including the base), n the
total number of joints, and di the number of degrees of freedom (DOF) of joint i. Thus, the
mechanism is a 4-RRP parallel structure with three DOF. Two additional rotational DOF can be
realized by a MEMS mirror in the laser optics. In this way five DOF can be realized.
The geometrical parameters of the mechanism are the arm length da , the length of the linear
rails dr , the distance between the rails ds , the position of the end-effector dey on the moving
platform, and the distance between the anchor points dlr (Fig. 3.2). The position of each slider
is controlled individually. This enables us to manipulate the position of the anchor points while
the mechanism is not attached to the bone. Also, it allows the mechanism to fold the arms inside
its footprint during insertion and extraction of the endoscope into or from the body [1].
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Direct Kinematics

The direct kinematics of our mechanism describes the mapping between the positions of the
sliders on the linear rails, i.e. the generalized coordinates q and the end-effector pose which is
parametrized by
T
∈ R3 .
(3.2)
χe = xe ye ϕe
Here, the end-effector position {xe , ye } corresponds to the point pe on the moving platform
where the laser optics are placed. The orientation ϕe corresponds to the angle of the platform
with respect to the base, as shown in Fig. 3.2. Therefore, the position of the end-effector in the
inertial frame I pe , given a specific configuration q of the mechanism, can be calculated by
I pe

= TIE (q) ·E pe .

(3.3)

Here, the transformation matrix TIE (q) relates the position and orientation of the end-effector
coordinate frame E to the inertial frame I:
1
2
TIE (q) = TIB · TB
1 · T2 · TE .

(3.4)

The mechanism’s base frame B is not moving with respect to the inertial frame I, thus TIB is
a constant transformation which is assumed to be known after initial calibration. The remaining parts of the transformation consist of simple consecutive translations and a rotation of the
coordinate frame in the plane spanned by eIx and eIy : the inertial frame is first translated to the
position of the right anchor point pr , then rotated by the angle ϕe , and finally translated to the
location of the laser optics on the moving platform pe . This procedure leads to the final planar
transformation matrix


cϕe −sϕe d2lr − b1 cϕe − b2 sϕe
.
TIE (q) = TIB  sϕe cϕe
(3.5)
b2 cϕe − b1 sϕe
0
0
1
2
Here, b1 = hr + d2s and b2 = dey − q1 +q
denote the distances between the right anchor point and
2
E
the laser optics in the end-effector frame along eE
x and ey , respectively. The angle ϕe = f (q) is
a function of the generalized coordinates:


q3 + q4 − (q2 + q1 )
ϕe = arctan
.
(3.6)
2(hl + ds + hr )

3.2.3

Inverse Kinematics

The goal of the inverse kinematics is to calculate the generalized coordinates q from a known
end-effector pose χe . Based on {pe , ϕe } (Fig. 3.2), the equations for the lines {Ll , Lr } that
coincide with the linear rails as well as for the circles {Cl , Cr } with radius da and the center
at the left and right anchor point {pl , pr } can be derived. Intersecting the circles with the corresponding line results in the positions of the sliders B pi , i ∈ {1, 2, 3, 4}, in the base frame.
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Figure 3.2: The tip of the endoscope (1) is the moving platform of the parallel mechanism. The
base (2) is defined by the connection of the two anchor points (3) on the bone surface. Two
arms (4) on each side of the mechanism are connecting the moving platform to the anchor points
through passive revolute joints. Each arm is also mounted rotatably on a slider (5) which can
move along a linear rail (6). The position of the end-effector pe and the rotation of the moving
platform ϕe with respect to the base frame B define the end-effector frame E. The generalized
coordinates qi , i ∈ {1, 2, 3, 4}, are defined as the y-component of the slider positions pi in the
frame of the moving platform M . The geometrical parameters of the mechanism are the arm
length da , the length of the linear rails dr , the distance between the rails ds , the position of the
end-effector dey on the moving platform, and the distance dlr between the left and right anchor
points {pl , pr }. The circles {Cr , Cl } and lines {Lr , Ll } as well as the two frames {1, 2} are
used for the forward and inverse kinematic calculations.
The generalized coordinates q can be calculated by transforming these positions to the frame
attached to the moving platform using


cϕe sϕe
−sϕe ye − cϕe xe
 −sϕe cϕe dey + sϕe xe − cϕe ye 
TM
(3.7)
B (χe ) =
0
0
1
and extracting the y-component of the resulting vector:
qi = (TM
B

B pi )y ,

i ∈ {1, 2, 3, 4} .

(3.8)
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Translational and Rotational Workspace

The reachable workspace as defined in [230] is calculated numerically by stepping through the
feasible joint states and calculating the corresponding positions {xe , ye } in the operational space,
i.e. in the space where the mechanism task is specified. For each point inside the reachable
workspace there is a rotational workspace [ϕemin , ϕemax ]. An analytical expression is derived
for the rotational workspace
boundary {ϕemin , ϕemax } depending on the geometrical properties

of the mechanism dlr , ds , da , dr , dey and the position in the translational workspace {xe , ye }.
An extreme rotation angle is reached when the mechanism is close to the singular configuration for which two arms on one side of the mechanism are coincident and thus the rail of the
mechanism is tangential to the circle with radius da around the corresponding anchor point. For
this configuration, an analytical expression for the resulting angle can be formulated using the
inverse kinematic solution and setting q1 = q2 or q3 = q4 , respectively. To avoid proximity
to singular configurations, mechanical and control-based constraints on the joint positions are
introduced (refer to section 3.3.1 for the values used in the current system setup). These limitations reduce the translational as well as the rotational workspace. For calculating the relevant
rotational workspace within the defined constraints, an iterative algorithm based on a binary
search is used. This algorithm searches for the rotational workspace boundaries {ϕemin , ϕemax }
that fulfill the constraints of the parallel mechanism.

3.3

Setup and Experiments

The planned application for the parallel robotic mechanism is to guide the laser inside the endoscope tip along a predefined path in the operational space. This section presents the detailed
design of the upscaled prototype, the setup of the overall system, the path planning method, as
well as the specific control scheme which was implemented for the experiments presented in
this work and the experiment that was carried out to show the mechanism’s performance in joint
control mode while following a reference path that covers a large part of the robot’s workspace
(middle and border). In addition to showing the mechanism’s performance in this path-following
task, this experiment was used to validate the robot’s translational workspace.

3.3.1

System Setup

For the upscaled prototype, the geometrical parameters dlr = 60 mm, ds = 30 mm, da =
17 mm, dr = 115 mm and dey = 100 mm were selected according to the properties of the
available guideways and an exhaustive search algorithm [1] which maximizes the size of the
available workspace. The resulting relevant workspace for the upscaled prototype is visualized
in Fig. 3.3. A safety margin of 2 ◦ was considered for the range of the rotational workspace as
well as a safety distance of 5 mm for the ends of the prismatic joints to avoid getting too close
to singularities or to the workspace boundary.
The hardware of the prototype consists of an aluminium housing, the parallel mechanism,
an anchor structure, and a mockup representing the robotic endoscope (Fig. 3.4). The herein
presented prototype is an upscaled version of the final mechanism by a factor of 5. The active prismatic joints of the parallel structure are realized using miniature guideways with an
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Figure 3.3: Translational and rotational workspace of the parallel mechanism prototype. This
workspace takes into account additional constraints to avoid singularities. The boundary of the
translational workspace {B xe ,B ye } is visualized by the black line. For each position inside this
boundary, the corresponding range of the rotational workspace ϕe is color coded.

integrated position measurement system called MINISCALE PLUS (SCHNEEBERGER AG,
Roggwil, Switzerland). These guideways are the smallest linear rails with built-in encoders that
could be found on the market. They include an optical encoder mounted on the slider which
provides position feedback with an accuracy of ±5 µm. Aluminium arms with revolute joints
on each side connect the four sliders to the two anchor points. Miniature ball bearings are used
in order to reduce the friction in the passive revolute joints. The anchor points can be connected
to the base with lockable rotation connectors, allowing a fast mounting and demounting of the
system. For the final mechanism, we plan to use suction cups as an anchor structure to avoid
unnecessary invasiveness.
In order to move the sliders on the linear rails, two tendons are connected to each slider. The
used tendons are NanoFil wires with a diameter of 0.25 mm and a break-load of 17 kg. This is a
commonly used type of fishing wire consisting of Dyneema nanofilaments. A separate bowden
tube is guiding each of the tendons from the actuation pack to their entry point of the structure.
One tendon pulls each slider towards the endoscope shaft by the help of constant loads attached
to the other end of the tendon. The second tendon on each slider pulls in the opposite direction
towards the tip of the endoscope and is actuated by motorized winches. This setup allows to
control the position of each slider by regulating the rotation of only one motor per slider.
The motors are placed outside the endoscope structure in a separate actuation unit (Fig. 3.5).
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text1

Figure 3.4: The built prototype of the parallel mechanism has an aluminium housing where
the linear rails are mounted. The aluminium arms connect the sliders on the linear rails to
the anchor points. An anchor structure allows a mounting and demounting of the mechanism.
The sliders are moved by means of tendons which are extrinsically actuated and guided to the
mechanism by bowden tubes. The tendons which are pulled by motors are redirected at the tip
of the mechanism by return pulleys. An optical fiber is guiding a laser through the endoscope
mockup to the mechanism where it is redirected to the surface below the mechanism by means
of a small mirror.
RE-35 brushed 90 Watt DC motors by Maxon (Maxon Motor AG, Sachseln, Switzerland) in
combination with a planetary gearhead that provides a 26:1 reduction and a three channel encoder with a resolution of 1000 increments per revolution are used to pull the tendons. The
counter weight against the motor is currently set to 4.5 N. A helium-neon laser is used to visualize the path of the laser light through the endoscope and to the target tissue. The laser is coupled
into a multimode fiber and guided to the moving platform of the mechanism where the light is
decoupled from the fiber with a lens. The resulting light beam is redirected orthogonally to the
longitudinal axis of the parallel mechanism by means of a small mirror.

3.3.2

Path Planning

The goal of the path planning is to generate the reference input to the motion control system.
Based on this input, the mechanism can follow the path while performing the laser cut. For a real
surgery, this planning would be performed by the surgeon prior to the intervention, e.g. based
on Computer Tomography data. The implemented path planning procedure is described in the
following.
As an input for the path planning algorithm, any translational path in the operational space
of the mechanism can be defined with the only constraint that the whole path must lie in the
reachable workspace of the mechanism. Such a path is then converted to a sequence of discrete
points with a constant distance that can be defined by the user. This distance should be at most
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Figure 3.5: The overall test setup for the parallel mechanism. The external actuation unit includes the motors that pull the four tendons which move the sliders towards the endoscope tip
as well as the constant loads which pull the four tendons that move the sliders towards the endoscope shaft. All tendons are guided to the parallel mechanism by bowden tubes. A laser is
guided to the parallel mechanism by an optical fiber.
half the diameter of the laser beam to allow the realization of a continuous cut. Subsequently,
the corresponding reachable rotations ϕe ∈ [ϕemin , ϕemax ] are calculated for each path point as
described in section 3.2.4. Since the laser beam is rotationally symmetric, the rotation of the laser
along the path can be chosen freely. Therefore, the desired angle ϕedes is chosen approximately
in the middle of its feasible range. Filters including a moving average and a polynomial filter
were applied in order to smoothen the resulting rotational path (Fig. 3.7). The corresponding
path in joint space can be calculated using the inverse kinematics as presented in section 3.2.3.

3.3.3

Control Scheme

For the conducted experiment, the mechanism was controlled in joint space. Based on a desired
path in operational space, the joint space path qdesired was precalculated offline (Fig. 3.6). A P
controller generates the desired motor speeds vmotor based on the deviation between the desired
and the measured joint states {qdesired , qmeasured }. The P gain was set to 500. The measured
joint states are based on the position feedback provided by the encoders on the guideways. The
control scheme is in this form decentralized. Since the parallel structure of the mechanism
adds kinematic constraints, a "parallel structure constraint supervisor" was added to the control
scheme. This unit observes the deviation from the desired state for each joint and suspends the
advancement in the path if one of the joint deviations is bigger than a threshold defined by the
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Figure 3.6: Schematic of the implemented control scheme. The desired path in the translational operational space pedesired is defined by the user. The corresponding path in joint space
qdesired is precalculated offline as described in section 3.3.2. A P controller generates the desired motor speeds vmotor based on the deviations between the desired and measured joint states
{qdesired , qmeasured }. A parallel structure constraint supervisor ensures that the violation of the
closed kinematic constraints of the mechanism stays within defined bounds by suspending the
advancement on the path if the deviation for one joint is higher than the specified threshold.
The measured joint positions are based on the position sensor on the guideways of the parallel
mechanism.
user. For the presented experiment, this threshold was set to 0.25 mm. The low level control of
the motors is performed by the drives MAXPOS 50/5 (Maxon Motor AG, Sachseln, Switzerland)
which feature six different operation modes of which the velocity control mode was selected.

3.3.4

Control Environment

The entire system setup was controlled using the TwinCAT 3 automation software running on
a CX2020 embedded PC (Beckhoff Automation GmbH Co. KG, Verl, Germany) at 1 kHz,
which provides a versatile framework for control tasks. The motors were driven by MAXPOS
50/5 (Maxon Motor AG, Sachseln, Switzerland) which were directly connected to the embedded PC via EtherCAT. The position feedback of the linear rails was provided by a digital interface module according to the RS-422 standard. An incremental encoder interface EL5101-0010
(Beckhoff) was then used to establish the connection to TwinCAT 3. Using the Simulink Coder
software (The MathWorks, Inc., Massachusetts, USA), Simulink models were compiled and integrated into the TwinCAT 3 environment. Additionally, a graphical user interface (GUI) was
implemented using the App Designer from Matlab which communicates with the embedded PC
via a device- and fieldbus-independent interface (Automation Device Specification, ADS). This
provides a simple and versatile interface for selecting basic functionalities and modes as well as
visualizing measurement data. The GUI enables the user to define a path in operational space
which is then converted into a joint-coordinate path. Afterwards, this path is uploaded onto the
TwinCAT 3 system to allow the parallel mechanism to execute the desired motion.

3.3.5

Path Following Experiment

In order to test the control and performance of the system as presented above, a reference path
consisting of an octagon and a cross was defined (Fig. 3.8). This path forced the parallel robot to
move across the center of the translational workspace as well as to areas close to the workspace
border. The path has been preplanned according to the path planning described in section 3.3.2.
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Figure 3.7: Feasible range for the rotation ϕe of the moving platform based on the reference path
in the conducted experiment. The resulting selected value for the desired angle ϕedes is shown
in black.
The distance between the points on the reference path in operational space was set to 0.2 mm.
The resulting maximal, minimal, and desired values for the angle ϕe are shown in Fig. 3.7.
In total, six runs were carried out where the mechanism followed the entire path. The joint
position feedback was logged for later analysis. The position and orientation of the end-effector
in operational space were obtained through direct kinematic calculations as described in section
3.2.2 based on the measurement of the joint coordinates. The resulting measured data sets were
analyzed by calculating the mean, standard and maximal deviation of the absolute difference ∆q
between the desired and measured joint positions:
∆q = |qmeasured − qdesired |.

(3.9)

Also, the corresponding deviation ∆pe in operational space was calculated using the direct kinematics
∆pe = pemeasured − pedesired 2 .
(3.10)

3.4

Results

Fig. 3.8 shows the path performed by the mechanism in operational space for the first run out of
six. The corresponding joint motions that were measured are shown in Fig. 3.9. The mean and
standard deviation for the difference between the desired and realized path for all six runs are
listed in Tab. 3.1. All results show that the mechanism was able to follow the path in joint space
with a mean, standard and maximal deviation which are all in the order of 10−1 mm. The same
applies for the corresponding deviations in operational space. All standard and mean deviations
are below 0.1 mm and 0.13 mm, respectively. The locations where the deviations in joint space
are maximal are marked in Fig. 3.8 and Fig. 3.9. The deviation of the platform orientation ϕe
from the reference path are all in the range of 10−1 ◦ and the average speed of the end-effector
following the path for the six runs was 0.46 mm/ sec.
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Figure 3.8: Reference and performed path in operational space. The reachable workspace is
visualized in grey and its boundary is marked black. Based on the measured joint states and
the forward kinematics of the mechanism, the corresponding positions in operational space are
visualized. The line segments of the path are numbered for comparison with the corresponding
joint space path shown in Fig. 3.9. The deviations ∆pe are color-coded along the path. The
locations where maximal deviations in joint space occurred are marked with black circles.

3.5

Discussion and Conclusion

In this paper, we present the motion performance of a new concept for endoscope tip stabilization
and guidance on an upscaled prototype. The standard deviations from the reference path in operational space, deduced from joint space measurements, are already below the required value of
0.25 mm. Additionally, the measured joint space deviations are all in the sub-millimeter range.
As expected, due to the parallel structure the errors are not magnified from joint to operational
space. In most cases, the maximal deviations in joint space correlate with a change in movement
direction of at least one slider. Based on our observations during the experiments, we assume
that these higher deviations are caused by stick-slip effects which originate from the transmission of motion from the actuation unit to the mechanism by tendons and bowden tubes: Energy
can build up in the cable guidance while friction prevents the slider to move until the friction
is overcome and then results in a fast movement of the slider. It is expected that this behaviour
can be reduced by increasing the speed of the drive train and adding a transmission gear at the
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Figure 3.9: Measured joint positions during the path following experiment. All four joints are
visualized. The different segments of the reference path are shown by vertical bars (refer to
Fig. 3.8). The locations where maximal deviations occurred are marked with circles.
Table 3.1: Performance Evaluation of the Path Following Experiment

Joint Space [mm]

Operational Space [mm]



µ ∆p e
σ ∆pe
max ∆pe

Run

µ (∆q )

σ (∆q )

max (∆q )

01

0.094

0.09

0.567

0.12

0.078

0.443

02

0.093

0.088

0.75

0.121

0.08

0.548

03

0.094

0.091

0.588

0.123

0.082

0.473

04

0.092

0.09

0.683

0.117

0.076

0.535

05

0.092

0.093

0.578

0.118

0.081

0.464

06

0.061

0.09

0.57

0.072

0.092

0.414

µ(Runs)

0.088

0.09

0.623

0.112

0.082

0.48

parallel mechanism. Additionally, the implementation of a more sophisticated control scheme
and path planning algorithm is expected to further improve the path following performance. In
order for this device to be used in minimally invasive knee surgery it needs to be miniaturized
and adapted to the specific requirements for the application, e.g. unicompartmental knee arthroplasty, such as approach and cutting paths. Downscaling is not only challenging in terms of
manufacturing and due to the nonlinear scaling of friction, but also affects the motion range of
the laser. In order to still reach all necessary areas, the endoscope tip can be repositioned and
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the mechanism reattached to the bone to extend the workspace during the procedure.
To sum up, the herein presented results allow us to conclude that our concept is more than
promising. Once the mechanism is miniaturized, it will influence how minimally invasive laser
osteotomies will be performed in the future.
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Chapter 4

Robotic Minimally Invasive Laser
Osteotomy: Attachment Concept and
Workspace Expansion
Foreword and Overview
The concept for stabilizing and guiding a laser presented in the previous chapters is based on
a parallel mechanism that fixes itself to the bone with two legs. The two legs need to attach
to the bone surface and provide a stable relative connection between the target tissue and the
laser tool mounted on the parallel mechanism’s mobile platform to enable accurate laser cutting.
In addition to stabilizing the tool, the parallel mechanism’s topology allows the mechanism to
reposition its two legs independently, thereby “walking” along the bone surface. This walking
functionality enables the device to expand its operating range, i.e., its workspace, without requiring additional skin incisions. However, the legs must be actuated to be folded, unfolded,
attached to, and released from the bone. In the publication presented in this chapter, I present
leg designs that allow the required functionalities. The leg designs were experimentally evaluated, and one design was successfully integrated into the upscaled prototype to provide a proof
of concept on the test bench.

Abstract
A rigid attachment of a surgical tool to the target tissue can improve the tool manipulation accuracy in minimally invasive robotic surgery. The main challenges in developing an attachment
concept for stabilizing a surgical tool are not to restrict the task-relevant workspace of the device
The manuscript in this chapter with the title “Design Evaluation of a Stabilized, Walking Endoscope Tip” was
accepted for presentation at the International Workshop on Medical and Service Robots (MESROB), July 2020, Basel,
Switzerland. Most of the conference, including the oral presentations, was postponed to 2021 due to the COVID 19
pandemic. The manuscript was published as part of the conference proceedings [3]. The proceedings are available
online at: https://doi.org/10.1007/978-3-030-58104-6 (accessed 31 Dec 2020).
Copyright and licensing information can be found in the Preface.

57

Chapter 4. Robotic Minimally Invasive Laser Osteotomy: Attachment Concept and Workspace
58
Expansion
and not to increase the invasiveness of the procedure by either the attachment concept itself or
additional incisions needed to reposition the surgical tool. We developed an upscaled prototype
of a parallel mechanism for minimally invasive surgery integrated into an endoscope tip that can
attach to the target tissue with its two legs. An actuated leg design that can fold, unfold, and
attach to the target surface was designed, manufactured, and evaluated. We demonstrate that
by the actuated leg design, the parallel robot can reposition its two legs independently and can
“walk” along the target surface.

4.1

Introduction

In medical robotics, accurate tool manipulation is of great importance. Especially for minimally
invasive procedures, a stable geometric relation between the active tool and the target tissue is
an essential advantage. Devices such as the HeartLander, a parallel wire-robot, which attaches
to the heart [235], the track-guided ultrasound probe for application on the liver [236], or the
MARS robot, which is mounted on the bone to allow precise drilling or needle positioning in
surgical procedures [181], already put this principle into practice. Further examples can be
found in the fields of orthopeadic surgery [188], flexible endoscopy [237], and cochlear implant
surgery [125].
The main advantages of attaching the surgical tool to the target tissue are, to our understanding, increased robustness against mechanical disturbances, e.g., patient movement, the
increased tool positioning accuracy, and the decreased amount of needed intra-operative registration, tracking, and imaging processes. The main challenges in developing an attachment
concept for stabilizing a surgical tool are not to restrict the task-relevant workspace of the device, and not to increase the invasiveness of the procedure by either the attachment concept or
additional incisions needed to reposition the device.
We developed an upscaled prototype of a parallel mechanism for minimally invasive surgery
integrated into an endoscope tip [1]. This mechanism has two legs that connect the moving
platform of the parallel mechanism (endoscope tip) with the bone (Fig. 4.1). One possible
application of the device is minimally invasive cutting of bone (laserosteotomy), e.g., in joint
replacement surgeries. The robot’s two legs need to attach to the bone surface and provide a
stable relative connection between the target tissue and the laser tool to allow an accurate laser
cutting process. To avoid the limitation of the device’s operating range to its workspace, in
addition to stabilizing the tool, the topology of the parallel mechanism allows the mechanism
to reposition its two legs independently and, therefore, to “walk” along the bone surface. This
walking functionality enables the device to expand its workspace without requiring an additional
skin incision.
The walking functionality requires that the legs, which connect the device to the target tissue,
allow independent attachment and detachment of the parallel mechanism to the environment,
e.g., bone. During the repositioning of the leg, the leg length needs to be reduced in order not to
collide with the surface below. Furthermore, the legs need to be storable close to the mechanism
particularly during incision and retraction to reduce the overall device’s dimension and, therefore
the required incision size.
This paper presents two different leg designs that allow folding and unfolding of the leg
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Figure 4.1: Overall design: The device consists of a robotic endoscope (1) with a parallel mechanism at its tip (2). The parallel mechanism has two arms (3) on each side, which are rotatably
mounted on legs (4) that can attach to the bone. The main body of the parallel mechanism (2) is
used to guide the toll, e.g., a laser (5) for accurate bone cutting. The design of these legs has to
allow two states: The storage state (S), where the legs are retracted to length ls and released, as
well as the attachment state (A), where the legs are extended to length la and fixed to the bone.
structure. We further present a suction mechanism for attaching and releasing the leg to/from
the target tissue. The designs are manufactured and tested for an up-scaled prototype of the
mechanism that was presented in previous work [2]. Finally, also the successful realization of
the device’s functionality to reposition itself and, therefore, expand its workspace is presented.

4.2
4.2.1

Methods
Attachment Concept

To stabilize a tool with respect to the target tissue, we believe that a concept including a connection between the tool and the target tissue increases robustness against mechanical disturbances
on the patient or the robotic endoscope. The attachment method should also be effective on
uneven and moist surfaces. Furthermore, the attachment element should not increase the skin
opening for inserting the robotic endoscope. Therefore, we considered different principles based
on soft materials such as suction cups and suction pads (Fig. 4.2). Concepts that entail an additional level of invasiveness, such as bone pins and bone screws, were not considered.

4.2.2

Foldable Leg Structure

The foldable leg structure must allow storing the legs such that the skin incision for the insertion
of the device is minimized. At the same time, the design should ensure that the needed leg
length for attachment of the device can be reached. Also, each leg needs to house two rotary
joints on which two arms of the parallel mechanism are mounted. The two proposed designs of
the foldable structure were inspired by tendon telescopes and pneumatic telescopes. Based on
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Figure 4.2: Dimensions of the suction cup design (millimeters) and the two 3D-printed suction
cups (alphacam GmbH, Schorndorf, Switzerland). We ordered two suction cups with different
shore hardness for comparison (50A and 60A).

the dimensions of the up-scaled prototype, which was built with a scaling factor of 5 : 1, the leg
design needs to allow a storage length of ls ≤ 30 mm and an unfolded length of la ≥ 40 mm.
Pneumatic Design
The pneumatic leg design is based on nested aluminum and brass cylinders. This combination of
materials improves the sliding and sealing properties of the mechanism. The structure consists of
three cylinders, two of which are telescopic and can slide out from another cylinder to lengthen
the leg (Fig. 4.3). A tube mounted on top of the leg structure provides an air inlet for the
first cylinder. The tube is directly screwed in a corresponding thread in the cap of the first
cylinder. The inner thread of the cap directly cuts an outer thread into the tube, which leads to a
sealing preventing the outflow of air. When pressure is applied via the tube, air fills the cylinder
chambers, and the telescopic leg structure unfolds. When a vacuum is applied, the telescopic
leg structure folds back to the storage state. The used components for generating pressurized
air and vacuum are a Laval nozzle (VN-05-H-T3-PQ2-VQ2-RO1) and a manual pressure valve
(LRS-1/8-D-I-MINI) by Festo (Festo AG & Co. KG, Esslingen, Germany).
Tendon Based Design
The tendon design consists of nested aluminum and brass cylinders with milled tendon guides to
avoid wear of the tendons. In this first design, we used fishing wire with a diameter of 0.12 mm
and a break load of 7 kg. The actuation of the leg structure is based on two tendon mechanisms.
One tendon mechanism has to be pulled while the other one is released and vice versa to fold
and unfold the leg structure. The folding tendon mechanism consists of two tendons that are
attached to the innermost cylinder. Pulling these two tendons leads to a folding of the telescopic
structure. The unfolding tendon mechanism is based on one tendon that enters the leg structure
from one side, is guided through the cylinders, and exits the leg structure on the opposite side.
The unfolding tendon is connecting the cylinders in such a way that pulling this tendon at both
ends leads to an unfolding of the leg structure (Fig. 4.4).
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Figure 4.3: Foldable pneumatic leg structure: The figure shows the different components in
the assembled (left) and exploded (right) state. Folding (1) and unfolding (2) is enabled by
pneumatics. An air inlet (blue tube) can provide pressurized air or vacuum. On the bottom right
side, the manufactured prototype is shown in the storage state (S) and attached state (A).

4.2.3

Performed Experiments

The theoretical attachment force of a suction cup can be calculated as:
F = ∆p · A,

(4.1)

where A = 157 mm2 is the suction area and ∆p = 1 atm is the applied pressure difference,
resulting in a theoretical force of F = 7.96 N. The effective attachment force on the bone will
be smaller. Therefore, we measured the break-away force of the suction cup orthogonal to the
attachment surface on a piece of pig bone using a six-axis force/torque sensor (Nano17, ATI
Industrial Automation, NC, USA). The force/torque sensor was mounted between the suction
cup and a setup to pull on the suction cup. The break-away force of the suction cup was measured
ten times. For each measurement, the suction cup was attached to the pig bone and then slowly
and orthogonally pulled away from the bone until it released, while the force/torque sensor
measured the forces acting on the suction cup (Fig. 4.5).
The two foldable leg designs were manufactured, assembled, and evaluated based on their
performance during repeated unfolding and folding cycles. The better design was selected to be
implemented in the final leg design for the upscaled prototype.
The final leg design was integrated into the upscaled prototype and the walking functionality
to expand the workspace of the mechanism was tested. Therefore, the parallel mechanism and
the pneumatic components were controlled to subsequently detach, move, and attach each of the
parallel mechanism’s two legs. The topology, kinematics, and control of the parallel mechanism
are described in previous work [2].
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Figure 4.4: Tendon based leg structure: Folding (1) and unfolding (2) is achieved by pulling the
corresponding tendons. The bottom right shows the manufactured prototype in the storage state
(S) and the attachment state (A).

4.3

Results

The suction cups reached a mean break-away force of 3.78 N and 3.95 N with a standard deviation of 0.19 N and 0.12 N (shore hardness of 50 A and 60 A, respectively). This value is about
half of the theoretical suction force (Eq. 4.1).
The pneumatic telescope design performed better during evaluation since the tendon based
concept has the disadvantage that the tendons show wear and tend to tear apart after several
usage cycles.
For the final design, we selected the pneumatic leg structure in combination with the suction cups. Two pneumatic tubes are connected to the leg. One is screwed to the top, which
enables folding and unfolding of the leg structure by applying pressure or vacuum. The other
is screwed on the connection element and allows applying suction for attachment of the suction
cup (Fig. 4.6).
We mounted the final leg design on the prototype, and the different phases of repositioning
the mechanism to expand its workspace were successfully carried out (Fig. 4.7).

4.4

Discussion

We presented two different designs for a folding leg structure with an attachment element for
tool stabilization in minimally invasive surgery. In the experiments performed, the pneumatic
leg design showed better performance than the tendon based design, mainly due to the wear of
the tendons after repeated usage cycles. We expect that the tendon wear will get worse when
the design is miniaturized due to smaller bending radii and sharper edges. However, we are
aware that the evaluation of further performance measures such as the stiffness of the leg in the
unfolded state, or the force that can be counteracted by the leg when unfolded, might lead to a
better performance of the tendon based design. A final design was implemented and tested on
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Figure 4.5: Break-away force measurement setup: The suction cup is mounted on a fixture that
allows pulling the suction cup away from the attachment surface on the pig bone. A force/torque
sensor is mounted between the suction cup and the fixture to measure the break-away force.

Figure 4.6: Final design of the foldable leg structure, where the pneumatic leg structure is combined with a suction cup. Two air inlets (blue tubes) can provide pressurized air or vacuum. One
tube allows folding and unfolding of the leg structure, while the other tube allows attachment
and release of the suction cup by applying pressurized air or vacuum. The suction cup attaches
to the surface below the mechanism. For the fast release of the suction cup, pressure can be
applied to the second tube.

the up-scaled prototype for minimally invasive laserosteotomy.
The current design requires two tubes to supply the actuated leg, one entering from the
top, the other from the side. We believe that decreasing the tube diameters will allow better
integration close to the mechanism and through the endoscope. However, reducing the tube
diameter will influence the pneumatic supply.
The measured break-away force of the suction cups was about half of the calculated theoretical suction force. We assume that this reduction is due to a smaller pressure difference, sealing
problems between the suction cup and the bone, and the uneven bone surface.
We consider the miniaturization of the actuated leg a challenging task, especially since the
attachment force decreases with the square of the suction cups’ radius. Therefore, an alternative
design of the attachment concept with multiple suction cups [238], foldable suction cups [239],
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Figure 4.7: Insertion and walking function of the endoscope tip. Upper row: top view, lower
row: side view. The developed leg design is mounted on the prototype, and the different phases
of operation are illustrated: Insertion (1), where the legs are stored close to the mechanism.
Attachment (2) at the initial location (blue frame), where the legs are unfolded, and the suction
cups are attached to the ground. In this state, the mechanism can perform laser cutting (L).
Successive repositioning of the legs (3 to 5) to reposition the mechanism. Reattachment of the
mechanism (5) at the new location (red frame), where the cutting is continued (L). After the cut
is finished, the mechanism can be retracted by detaching, folding and storing the legs.
or even a combination with a more invasive attachment concept, such as bone pins or screws,
might be necessary to provide the needed stability.
The walking functionality of the mechanism with the designed actuated leg could be demonstrated successfully in a lab setting. Further experiments have to be carried out to evaluate the
walking functionality in a more realistic setting.

4.5

Conclusion

In this work, we developed, manufactured, and tested two designs for an actuated leg that can
fold, unfold, and attach to a surface. In combination with the parallel mechanism that guides
a surgical tool, this actuated leg will allow stabilizing the surgical tool by an attachment to
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the target tissue, while not restricting the task-relevant workspace of the device. The leg was
implemented in an upscaled prototype of the parallel mechanism, and the walking functionality
to expand the robot’s workspace was demonstrated successfully.
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Chapter 5

Anatomical Constraints in the Knee:
Contact Force
Foreword and Overview
In previous chapters, I presented a parallel mechanism mounted at a robotic endoscope tip,
which allows stabilization and accurate guidance of a laser in a minimally invasive setting. The
mechanism was built and evaluated as a large prototype to provide a proof of concept. Before
miniaturization, the requirements on this robotic device for laser osteotomy inside the knee joint
had to be determined. Therefore, in the publication presented in this chapter, I analyzed the
required forces for manipulating a surgical instrument inside the knee joint. The goal was to
find the magnitude of the forces acting on the robotic endoscope tip from the surrounding tissue
when moved around inside the knee joint. For this purpose, a probe similar in shape and size
to the envisioned robotic endoscope tip was equipped with a force sensor. This probe was then
moved along the relevant regions in the knee joint by a surgeon. Since the tibia is not directly
accessible without preparation, the probe was moved only along the femoral cutting lines.

5.1

Introduction

We are developing a robotic endoscope with an integrated laser osteotome. The goal of this
laser osteotome is to combine the advantages of laser osteotomies with those of minimally invasive surgery. The robotic endoscope is controlled through teleoperation and the laser optics
as well as a camera for visual feedback are integrated in the endoscope end-effector. In order
to allow precise laser cuts, the end-effector needs to be positioned accurately and stabilized at
the cutting location. Therefore, an active parallel mechanism [1] is integrated in the endoscope
The manuscript presented in this chapter with the title “Contact Force Estimation for Minimally Invasive Robotassisted Laser Osteotomy in the Human Knee” was presented in form of an oral presentation at the 8th Joint
Workshop on New Technologies for Computer/Robot Assisted Surgery, September 2018, London, United Kingdom.
The manuscript was published as part of the symposium proceedings [4]. The manuscript is available online at:
https://doi.org/10.3929/ethz-b-000311112 (accessed 10 Mar 2021).
Copyright and licensing information can be found in the Preface.
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Figure 5.1: The overall system setup consists of a serial robot which holds a robotic endoscope.
The tip of the endoscope houses the laser optics and the laser beam exits the endoscope orthogonally to its longitudinal axis in order to ablate the bone below. An integrated parallel mechanism
can position and stabilize the endoscope tip on the bone.
end-effector which allows attaching the tip of the endoscope to the bone and to manipulate the
end-effector accurately within three planar degrees of freedom (DoFs) (Fig. 5.1). Precise bone
cuts are relevant in many surgical areas, however, we focus on using our device for unicondylar knee arthroplasty (UKA). This is a technically challenging surgery where the alignment of
the implant and therefore the bone cuts are of uttermost importance with respect to the clinical
outcome [86].
One of the main challenges when developing robotic tools for minimally invasive surgery
is the lack of a formal design methodology [118]. It is especially difficult to find literature
documenting anatomical manipulation requirements such as the forces required to manipulate
a robotic tool inside a human joint or the available workspace within human cavities. There
is some literature available on interaction forces during laparoscopic surgery [240], but to the
best of our knowledge, no such information is available for manipulations within the human
knee. This paper presents experiments for the estimation of expected contact forces between the
endoscope end-effector and the surrounding tissue inside the human knee joint. Our aim was to
estimate the magnitudes of both axial and lateral forces which have to be overcome in order to
move the endoscope tip inside the knee capsule on the femur along the necessary cutting lines
for an Aesculap R univation R X knee implant (Aesculap AG, Tuttlingen, Germany).

5.2

Materials and Methods

The necessary bone cuts for the femoral part of the knee implant were defined together with
an orthopedic surgeon by fitting a 3D model of the implant on a 3D model of the femur that
was segmented from a high resolution MRI scan and provided by numex GmbH (Dietikon,
Switzerland). For the study, only the distal and posterior cuts were selected. These cuts were
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Figure 5.2: Left side: path for the distal cut of the femur. Right side: path for the posterior cut
of the femur.

chosen based on the available workspace inside the knee joint. Thus, the distal cut will have to
be executed from the medial side of the medial condyle at approximately 45◦ knee flexion and
the posterior cut will be executed with the end-effector attached to the distal part of the condyle
at about 90◦ knee flexion (Fig. 5.2). The chamfer cut, which adds a chamfer between the distal
and posterior cutting planes, will most likely be executed in a similar fashion as the posterior cut
and we therefore do not expect substantial differences in the required forces as compared to the
posterior cut.
A probe which in size and form is comparable to our current endoscope end-effector prototype was manufactured and connected to a 6 DoF Nano17 force/torque sensor with calibration
SI-12-0.12 (ATI Industrial Automation, Inc., Apex, NC, U.S.A.) by a rod of 60 mm length. The
sensor itself was mounted on a cylindrical handle that was manipulated by an orthopedic surgeon, experienced in knee surgery (Fig. 5.3). To record the measured forces, a control cabinet
including an embedded PC which runs TWINCAT3 (Beckhoff Automation AG, Verl, Germany),
a real-time automation software, was used. Prior to measurement the probe was held vertically
and offsets were removed. During the experiments, the surgeon was instructed to insert the probe
into the knee joint through an incision similar in place to the ones used in current UKA surgeries but of smaller size. The probe was then navigated five times along each of the preplanned
cutting paths. The whole experiment was recorded with a standard digital camera. The footage
was then synchronized with the force measurements in order to assign the measured forces to
the respective movements of the surgeon. All measurements were conducted on a deceased male
subject, aged 76, Thiel-embalmed (Ethics Committee of Northwest/Central Switzerland, Basel,
Nr. 2018-00158).

70

Chapter 5. Anatomical Constraints in the Knee: Contact Force

Figure 5.3: Setup for the force measurements. Left: The surgeon navigates the probe along the
preplanned cutting paths. Right: Probe attached to the force/torque sensor mounted on a handle.

Figure 5.4: Force measurement data from the experiments. Top: path along the distal cut of the
femur; bottom: path along the posterior cut of the femur. Each cutting path was retraced five
times.

5.3

Results

The measured forces for the five trials of both cutting paths are shown in Fig. 5.4. Since the
sensor’s range limit is specified by the manufacturer to be 17 N, all forces exceeding this force
might not be accurate and therefore the plot’s y-axis is limited at 25 N. While the lateral forces
remained mostly below 5 N, the measured axial forces were much higher and often exceeded
the 17 N limit.

5.4

Conclusion and Discussion

The presented force estimation experiments provide a rough estimate of the expected contact
forces in a minimally invasive UKA. However, it has to be emphasized that these experiments
purely allow conclusions about the order of magnitude of the required actuator forces. In addi-
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tion to the sensing range limit of the force/torque sensor, several other factors might have influenced the results: First, mounting the measurement probe on a rigid link led to the measurement
of forces that were acting on the rod in addition to those acting on the endoscope tip. Secondly,
since the probe was moved manually in a minimally invasive manner without any visual feedback, the probe tip and the rigid link were sometimes pushed against anatomical constraints such
as the border of the knee capsule or the bone. We suspect that this, in combination with the first
point, led to higher forces than we expect in the robot-assisted procedure since these constraints
would be avoided by the robotic device. Thirdly, even though Thiel embalming conserves the
properties of tissue relatively well, there are still significant differences to living tissue.
We conclude that the expected relevant contact forces for minimally invasive UKA will most
likely be below 10 N laterally and at around 25 N axially. However, to confirm these values, we
will in a next step repeat the measurements with a miniature force sensor attached directly to the
mockup end-effector in order to overcome some of the above mentioned limitations.
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Chapter 6

Anatomical Constraints in the Knee:
Manipulation Volume
Foreword and Overview
In the publication presented in this chapter, I analyzed the available volume in the knee joint for
manipulation of surgical instruments to derive requirements for miniaturization of the presented
robotic device for laser osteotomy. I determined and analyzed the size and distribution of the
available manipulation volume inside the knee joints of nine cadavers. Volumetric models of the
manipulation volume and the knee joint’s relevant bones were derived using computed tomography (CT). The cutting lines for bone preparation in unicondylar knee arthroplasty (UKA) were
derived by virtually placing UKA implants in the generated 3-dimensional models. Based on the
derived cutting lines, I analyzed the available manipulation volume thickness along the cutting
lines. From the data obtained, I derived a possible workflow for minimally invasive UKA using
a robotic laser osteotome and the corresponding feasible dimensions of the robotic device used
for this purpose.

Abstract
Objective: Developing robotic tools that introduce substantial changes in the surgical workflow
is challenging because quantitative requirements are missing. Experiments on cadavers can
provide valuable information to derive workspace requirements, tool size, and surgical workflow.
This work aimed to quantify the volume inside the knee joint available for manipulation of
minimally invasive robotic surgical tools. In particular, we aim to develop a novel procedure
for minimally invasive unicondylar knee arthroplasty (UKA) using a robotic laser-cutting tool.
The manuscript presented in this chapter with the title “Quantitative Evaluation of the Thickness of the Available
Manipulation Volume Inside the Knee Joint Capsule for Minimally Invasive Robotic Unicondylar Knee Arthroplasty”
was accepted for publication in the journal IEEE Transactions on Biomedical Engineering [5]. The manuscript
and supplementary material are available online at (early access): https://doi.org/10.1109/TBME.2020.3041512 (accessed 21 Feb 2021).
Copyright and licensing information can be found in the Preface.
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Methods: Contrast solution was injected into nine cadaveric knees and computed tomography
scans were performed to evaluate the tool manipulation volume inside the knee joints. The
volume and distribution of the contrast solution inside the knee joints were analyzed with respect
to the femur, tibia, and the anatomical locations that need to be reached by a laser-cutting tool
to perform bone resection for a standard UKA implant. Results: Quantitative information was
determined about the tool manipulation volume inside these nine knee joints and its distribution
around the cutting lines required for a standard implant. Conclusion: Based on the volume
distribution, we could suggest a possible workflow for minimally invasive UKA, which provides
a large manipulation volume, and deducted that for the proposed workflow, an instrument with
a thickness of 5-8 mm should be feasible. Significance: We present quantitative information on
the three-dimensional distribution of the maximally available volume inside the knee joint. Such
quantitative information lays the basis for developing surgical tools that introduce substantial
changes in the surgical workflow.

6.1

Introduction

Knee arthroplasty is a surgical intervention for the treatment of advanced osteoarthritis of the
knee. In this procedure, the damaged bone and cartilage are replaced with implants. Different
forms of knee arthroplasty, such as total knee arthroplasty (TKA) or unicondylar knee arthroplasty (UKA) exist. UKA is a less invasive alternative to TKA for cases where only one, i.e.,
the medial or lateral, knee compartment, is affected. The advantages of UKA compared to TKA
include reduced blood loss [71, 72], lower infection rate [73], less post-operative pain [74],
faster recovery [71], better preservation of range-of-motion [75], better function [76], and lower
cost [77].
However, compared to TKA, UKA is less resistant to component malalignment [241] and to
achieve long-term success of a unicondylar knee implant, correct alignment of the implant components is crucial [80]. Poor implant positioning in UKA may lead to early implant wear, poor
functional results, and a higher revision rate [83, 242]. Besides, performing UKA with a smaller
incision (less invasively) may reduce visible anatomical landmarks compared to conventional
UKA. This would make the intraoperative orientation and proper positioning of the components
even more difficult [85].
The use of robots could help overcome some of UKA’s technical difficulties, whereas maintaining its benefits compared to TKA. For example, robotic assistance has the potential to facilitate more accurate implant component positioning [88, 86, 87]. Currently, there are two systems
for robot-assisted UKA that both are FDA approved and CE-marked: the Mako (Stryker, Mahwah, NJ) and the Navio (Smith & Newphew, Memphis, TN) [184]. These two robotic systems
have shown to improve implant placement accuracy, tibial alignment, and ligament balance in
UKA [157]. Improved tibial alignment has been shown to increase implant survival and decrease the need for revision surgery [243]. These results show that robotic surgery can improve
the precision and accuracy of UKA, resulting in implants being placed more in accordance with
preoperative planning [185].
However, the aforementioned robotic systems for UKA are equally or even more invasive
than conventional, non-robotic UKA. This could be due to the need to introduce additional
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devices for fixation during surgery, exposure of anatomical landmarks for registration, and the
required space for the robotic equipment [185]. It is known from other surgery areas that less
invasive procedures result in less collateral damage to healthy tissue and faster patient recovery,
[101, 102].
Therefore, we are currently developing a robotic device for a novel technique for minimally
invasive UKA based on laser osteotomy, facilitating highly accurate implant placement according to preoperative planning [1]. Laser osteotomy offers a low contact force alternative to cutting
bone with conventional mechanical tools [20]. In addition, cutting with a laser has been shown
to result in faster bone healing, higher cutting precision, improved cutting-depth control [32],
and increased freedom in the cutting geometry compared to cutting with mechanical tools [28].
Our device will consist of a flexible robotic endoscope inserted into the knee joint through a
small incision (Fig. 6.1). The cutting laser will be guided through the endoscope to the tip by an
optical fiber. The robotic endoscope’s tip will consist of a stand-alone miniature parallel robot
housing the laser optics that redirect the laser beam toward the bone surface. The laser optics
will have a long depth of focus to enable the realization of especially deep bone cuts. A microelectromechanical systems mirror integrated into the laser optics will enable angular deflections
of the laser. The miniature parallel robot will need at least three planar active degrees of freedom
(DoFs) to position the laser for cutting on a large scale. This miniature parallel robot is currently
being developed and has two legs that attach to the bone to improve the stabilization and accuracy of the laser cutting process and to allow expanding the workspace of the device [6, 3]. The
leg’s position relative to the bone will be fixed based on a non-invasive concept such as e.g.,
suction cups or balloon catheters.
The development of such a robotic tool for minimally invasive surgery poses many challenges. One of the main challenges is the lack of a formal design methodology. There is limited
literature documenting requirements for robotic manipulation inside a living human body, such
as the forces required to manipulate a robotic tool or the available workspace within human cavities [118]. From a medical point of view, minimally invasive tools are better the smaller they
are. However, from an engineering point of view, the complexity of the device and the costs
for development and manufacturing are inversely proportional to the instrument size. Therefore,
knowing the maximal feasible instrument size is essential for its development.
In case an existing surgical technique is robotized, it could be possible to develop robotic instruments without the explicit knowledge of the quantitative characteristics of the target anatomy
by developing instruments similar to existing surgical tools or robotizing existing surgical tools,
e.g., robotized endoscopes to facilitate endoscope manipulation (e.g., [244] or [245]). Another
option is to analyze the surgical procedure of interest, e.g., by collecting data such as the instrument motion (e.g., [246]) or interaction forces (e.g., [247] or [248]) during the procedure.
However, in our case, since a novel surgical workflow is being developed, the analysis of the
characteristics of the target anatomy is essential for the derivation of a possible workflow and
the definition of the corresponding instrument requirements.
We have conducted a pilot study to estimate contact forces that arise while manipulating
a surgical tool inside the knee joint [4]. However, information on the volume available for
manipulating surgical tools inside the knee joint is lacking. The size of standard orthopedic
tools used in arthroscopy may be used as a reference, but the proposed laser cutting concept
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Figure 6.1: Illustration of the novel device for minimally invasive unicompartmental knee arthroplasty: A robotic endoscope 1 is inserted into the knee joint. The cutting laser is guided through
the endoscope to the endoscope tip 2 by an optical fiber 3 . The laser optics 4 redirect the
laser beam 5 , which then exits the endoscope tip perpendicular to its longitudinal axis 6 towards the bone surface below the robot. The endoscope tip has two legs 7 whose positions
are fixed relative to the bone surface. A parallel mechanism 8 allows to move the laser optics
in two translational and one rotational degrees of freedom (DoFs), whereas the laser optics will
allow to deflect the laser in additional two rotational DoFs. The available manipulation volume
for the robotic device inside in the knee joint is unknown.
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requires our device to reach different locations than standard UKA tools. Only very limited
quantitative information on the volume inside the knee joint capsule is available. McNair et al.
[249] injected 60 ml of fluid into the knee joint capsule of their participants and assessed how
much fluid was located in different transversal magnetic resonance imaging (MRI) slices before
and after exercise. Whereas this gives a first idea of the joint volume distribution along the leg
axis, it does not provide any information about the maximum available volume in the knee joint
capsule or how it is distributed in the transverse plane. To the best of our knowledge, no data is
published on the volume available for manipulation of a robotic instrument inside the knee joint
through a minimally invasive incision.
Therefore, we aimed to evaluate the volume inside the knee joint capsule available for manipulation of surgical instruments, e.g., the tip of a flexible robotic endoscope. This is an essential
measure for the successful development of surgical instruments, new surgical techniques, or implant designs that optimally use the volume available for instrument manipulation. Specifically,
knowledge about the available volume of the knee joint capsule allows defining the maximum
feasible size of surgical instruments and the anatomical sites that can be reached inside the knee
joint with a given instrument for minimally invasive procedures. Based on this study’s findings,
we propose a surgical workflow for minimally invasive bone cutting for a standard UKA implant
with a novel robotic laser osteotome. However, the findings might also facilitate the development of novel robotic tools for other minimally invasive procedures in the knee joint, such as
minimally invasive cartilage replacement surgery.

6.2
6.2.1

Evaluation of the Knee Joint Volume
Experimental Setup and Procedure

The volume of the knee joint capsule was examined in nine Thiel-embalmed knee specimens.
Thiel soft-fix embalmed bodies were used because in contrast to Formalin embalming, Thiel
embalming retains the flexibility of the tissue [250]. Details on the knees used for this study
and the respective body donors are listed in Table 6.1. This study has been approved by the
Ethics Committee of Northwest/Central Switzerland, Basel (No. 2018-00157, date of approval:
16.02.2018).
Each body was positioned on the bed of a computed tomography (CT) scanner (Siemens
Somatom Emotion 16 Slicer, Siemens Medical Solutions USA, Inc., PA, USA) and both knees
were inspected for any indications of surgical interventions or injuries. Based on these observations, the healthier knee was selected and it was ensured that none of the chosen knees had an
implant. A styrofoam wedge was placed beneath the knee joint. We adjusted the knee flexion
angle to approximately 50◦ using a goniometer. For lateral stabilization of the leg a custombuilt wooden construction was used. To avoid artifacts in the CT scan, styrofoam plates were
placed between the wooden side plates and the knee joint. If necessary, ropes were installed
to fix the legs on the wooden construction. To stabilize the foot, additional wooden plates or
styrofoam wedges were placed on the base plate. A schematic visualization of the experimental
setup is presented in Fig. 6.2. The CT images were acquired with an isotropic spatial resolution
of approximately 0.3 mm. At the beginning of each CT scan, the flexion angle was checked in
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Table 6.1: Knees and respective body donors used for this study
No.

Gender

Age at death
in years

Body
height

Knee
side

Measured knee
flexion angle

1
2
3
4
5
6
7
8
9
mean
std

female
male
female
female
male
female
female
female
male
-

84
91
98
80
88
87
100
94
77
89
8

151 cm
175 cm
154 cm
160 cm
173 cm
154 cm
152 cm
170 cm
177 cm
163 cm
11 cm

right
right
right
right
right
left
left
left
left
-

56◦
47◦
51◦
52◦
53◦
45◦
55◦
59◦
48◦
52◦
5◦

a lateral view, because the exact adjustment of the knee flexion angle using only a goniometer
is not possible. The flexion angle was measured between the line from the center of the visible knee condyle to the center of the hip joint and the line from the center of the visible knee
condyle to the upper ankle joint center. If the measured knee flexion angle was not between 45◦
and 60◦ , the knee was repositioned and the procedure repeated. This range was selected because
the relevant volume for knee surgery was expected to be the largest in this range. The resulting
knee flexion angles are listed in Table 6.1.
An iodine-based contrast solution was injected into the joint capsule to measure the volume
of the knee joint capsule. We used a lateral soft spot for injection into the knee joint and inserted
an indwelling venous cannula, Vasofix Safety 18G × 1 3/4 (B. Braun Melsungen AG, Melsungen, Germany). The used contrast solution was Iopamiro 300 by Bracco (Bracco, MN, USA),
an iopamidolum with an iodine content of 300 mg/ml, in a 1:1 solution with natrium chloride
(NaCl) 9 mg/ml by Fresenius (Fresenius SE and Co. KGaA, Bad Homburg, Germany). To limit
the injection pressure, we used an injectomat Agilia (Fresenius Kabi AG, Bad Homburg, Germany). The device was set to provide a continuous injection of 200 ml/h with a pressure alarm
when exceeding 300 mmHg. A 50 ml Luer Lock syringe (B. Braun Melsungen AG, Melsungen,
Germany) with contrast solution was clamped into the injectomat and connected to the cannula
by a connection tube. The connection tube was filled with contrast solution prior to connection
to the cannula, thereby reducing the amount of air entering the knee joint (Fig. 6.3).
During the injection process, periodic CT scans were performed to determine at what point
the injected contrast solution started to leak out of the joint capsule and into the surrounding
tissue. The injection was terminated at 95 ml for one knee, and at 115 ml for the other eight
knees, because the injected contrast solution started to infiltrate adjacent tissue.
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Figure 6.2: Experimental setup: The body was placed on the bed of the computed tomography
(CT) scanner. A custom-built wooden construction, consisting of a base plate 1 and side plates
2 , and a styrofoam wedge 3 were used to position the knee joint in the desired position and
flexion angle. To avoid potential artefacts of the wooden side plates in the CT image, styrofoam
plates 4 were placed between the side plates and the leg.

4

5

Figure 6.3: Preparation of the knee for injection of the iodine-based contrast solution: The
solution was filled into a syringe 1 , which was mounted in the injectomat 2 . The knee was
punctured at a lateral soft spot 3 using an indwelling venous cannula 4 . The cannula was
connected to the syringe by a standard connection tube 5 .
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Data Processing and Analysis

After the image acquisition, the CT data were evaluated in two further steps: data processing
and data analysis (Fig. 6.4).
All nine knees were segmented manually using the software 3D Slicer 4.8.0 [251, 252]. For
this purpose labels were added to the CT voxels, indicating if the voxel represented contrast solution, air, femoral bone, tibial bone, patella, fibula, or other tissue. The segmentation was carried
out by an engineer and a laboratory technician from the Anatomical Institute and reviewed by
an orthopedic surgeon and an anatomy specialist.
The label maps were imported in Matlab (Version 2019b, The MathWorks, Inc., MA, USA)
and the labels for contrast solution and air were combined, because both represent the available
tool manipulation volume inside the knee joint capsule. The corresponding three-dimensional
vertices were generated for the available tool manipulation volume and each bone structure.
For each of these sets of vertices, the volume enclosing surface was created in the form of a
triangular mesh using the built-in Matlab function “boundary” with a shrink factor of 1, which
resulted in a compact boundary around the vertices. The surface meshes consisted of a number
of faces in the order of magnitude of 105 .
Image analysis aimed to calculate the thickness of the manipulation volume in the knee joint
orthogonal to the bone surface. In the following, the data analysis procedure is described for the
femur. However, it was carried out analogously for the tibia as well.
The femur surface was represented by a triangular mesh. As a basis for the thickness calculation, the geometric center point p~t and surface normal ~nt were calculated for each of the faces.
In a next step, the intersection points between the femur surface normal ~nt and the surface of
the free volume inside the knee joint were computed for each face center point p~t on the femur
surface (Fig. 6.4). Since the free volume is a closed volume, this procedure resulted in two intersection points; p~t1 on the surface closer to the femur, and p~t2 on the surface farther away from
the femur. The distance dt1 between the face center point p~t on the femur surface and the first
intersection point p~t1 as well as the distance dt2 between the first intersection point p~t1 and the
second intersection point p~t2 , were determined according to:
dt1 = |~
pt − p~t1 |,
dt2 = |~
pt1 − p~t2 |.

(6.1)

More than two intersection points can occur, because the surface normal ~nt might intersect
with the free joint volume at several sites. However, we are only interested in the manipulation
volume that is available directly above the bone surface, the distance of which is represented
by dt2 . The distance dt1 represents the distance between the bone surface and the bounding
surface of the available manipulation volume inside the knee joint. If the distance between the
bone surface and the available free volume dt1 was above a threshold of 6 mm, the value for
dt2 was set to zero to avoid assigning nonadjacent volume to a surface point (Fig. 6.4). The
value of 6 mm was selected to account for articular cartilage between the bone surface and the
manipulation volume, which was not segmented in the CT images. The thickness of the articular
cartilage on the femur and tibia is in most cases below 6 mm [253, 254, 255].
The femur’s and tibia’s maximal spatial dimensions, both mediolaterally and anteroposteriorly, were assessed to provide information on the size of the different knees. For the tibia,
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6.2. Evaluation of the Knee Joint Volume

Figure 6.4: Evaluation of the knee joint volume in three steps: 1. Image acquisition of the knee
with the injected contrast solution using computed tomography. 2. Data processing. The bony
structures and the injected volume were segmented and used to generate three-dimensional sets
of vertices and their volume bounding surfaces. 3. Data analysis. Calculation of the thickness
of the manipulation volume dt2 inside the knee joint orthogonal to the femoral and tibial bone
surfaces. For each bone face, the two intersection points {~
pt1 , p~t2 } of the bone surface normal
~nt , originating from the face center point p~t , with the surface of the manipulation volume were
calculated. The distance between the two intersection points dt2 represents the thickness of the
available manipulation volume above the bone surface and is visualized with a color map on the
bone surface. The calculation of the distance between the bone surface and the first intersection
point dt1 was necessary to avoid assigning nonadjacent volume to a surface point as illustrated
in the segmentation picture.
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the values were determined by measuring the bone’s maximal spatial dimension in the direction
of a line on a plane parallel to the transverse cutting plane and perpendicular (mediolaterally)
or parallel (anteroposteriorly) to the intersection line between the transverse and the sagittal
cutting planes. For the femur, the values were determined by measuring the bone’s maximal
spatial dimensions in the direction of a line on a plane parallel to the distal cutting plane and
parallel (mediolaterally) or perpendicular (anteroposteriorly) to the intersection line between the
distal and the chamfer cutting planes. The respective values were determined for several parallel
planes with a distance of 1 mm to find the maximal spatial expansions.

6.2.3

Results

The comparison of the segmented contrast solution volume with the injected contrast solution
volume for all nine knees is shown in Table 6.2. For four knees, the difference between these
two volumes was below 15 ml. For the other knees, the difference was higher and up to 36 ml.
Table 6.2: Difference between injected and calculated amount of contrast solution
Knee
1
2
3
4
5
6
7
8
9

Injected [ml]
95
115
115
115
115
115
115
115
115

Calculated [ml]
106
119
153
148
132
117
134
118
139

Difference [ml]
+11
+4
+36
+33
+17
+2
+19
+3
+24

The calculated thickness of the available manipulation volume inside the knee joint capsule
orthogonal to each surface point on the femur and tibia for the nine examined knees is visualized
in Fig. 6.5.
Metrics about the size of the examined knee joints are provided in Table 6.3. The values
correspond to the maximal spatial expansion of the bones mediolaterally and anteroposteriorly.
For the tibia, the spatial extension was measured in its intersection with a plane parallel to the
transverse cutting plane and for the femur in its intersection with a plane parallel to the distal
cutting plane.

6.3
6.3.1

Defining a Cutting Workflow for Minimally Invasive UKA
Rationale

Based on the acquired quantitative volume inside the knee joint capsule (section 6.2), we aim to
i) propose a cutting workflow for minimally invasive robot-assisted UKA with a laser osteotome,
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3

Right Knees

Left Knees

8

4

5

9

Thickness of Manipulation Volume above Bone [mm]

Figure 6.5: Thickness of the manipulation volume inside the knee joint orthogonal to the femur and tibia surface dt2 for the nine
examined knees. At locations where the distance dt1 between the bone surface and the available manipulation volume was above the
threshold of 6 mm, the thickness dt2 was set to zero to avoid false assignments. All knees are oriented such that the medial compartment
is well visible. The nine data sets and a Matlab script to generate the three-dimensional visualization according to this figure are available
on the IEEE DataPort (doi: https://dx.doi.org/10.21227/7q78-5268).
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Table 6.3: Size of the investigated knees
Body
height [cm]

Femur size [mm]
Tibia size [mm]
med-lat* ant-post** med-lat* ant-post**
1
151
76
58
69
49
2
175
85
65
78
55
3
154
82
58
77
54
4
160
78
58
70
49
5
173
89
69
81
57
6
154
77
64
70
49
7
152
79
60
74
50
8
170
80
62
75
53
9
177
84
62
79
60
* maximal spatial expansion of the bone mediolaterally
** maximal spatial expansion of the bone anteroposteriorly
Knee

and ii) estimate the maximal thickness feasible for the tip of such a robotic laser osteotome. For
this purpose, we need to know the thickness of the manipulation volume above the anatomical
locations that need to be reached by the robotic laser osteotome to resect the bone. In a first
step, we envision implanting standard UKA implants with the new, laser-based approach and
thus we focused on the required bone cuts for such a standard implant. We used the obtained
information on the manipulation volume inside the knee joint capsule to evaluate the thickness
of this volume at the specific anatomical locations that need to be reached by the laser-cutting
instrument for the implantation of a standard UKA implant (section 6.3.2).
Based on these results, we proposed a possible workflow for minimally invasive UKA
(section 6.3.3) and deducted the feasible thickness of a corresponding laser-cutting tool (section 6.3.4).

6.3.2

Manipulation Volume above Cutting Lines

Methods
We assumed that the endoscope tip would be positioned approximately parallel to the bone
surface to minimize the required space (Fig. 6.1). The laser beam will enter the endoscope tip
by an optical fiber. Inside the endoscope tip, the laser beam is redirected parallel to the cutting
planes by the laser optics.
Three-dimensional computer-aided design models of medial femoral and tibial Aesculap R
univation R X implants (Aesculap AG, Tuttlingen, Germany) were positioned with respect to the
nine segmented knees to define the required cutting lines on the knees. The positioning of the
implants was carried out by an engineer according to instructions from an orthopedic surgeon.
The orthopedic surgeon approved the final implant placement. Since medial unicompartmental
knee arthroplasties are performed far more commonly, (90-95 %) [256], the focus of this paper
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is also kept on medial UKA.
The cutting lines are defined by the intersection of the femur or tibia surface with the implant
cutting planes. These cutting planes, representing the three femoral (distal, chamfer, and posterior) and two tibial (sagittal and transverse) cuts, were derived from the corresponding implant
models. Calculating the intersection between these cutting planes and the femoral surface resulted in three closed cutting lines around the femoral condyle representing the distal, chamfer,
and posterior cut. The procedure resulted in two cutting lines for the tibia, the sagittal cut and
the transverse cut, both with an approximately semicircular shape. An instrument that is guided
along the cutting lines requires manipulation volume also next to the cutting lines. Therefore,
we were interested in the thickness of the available manipulation volume above an area on the
bone surface around the cutting lines. This area was defined as the area between two lines that
are equidistant to the cutting line, projected onto the bone surface. These area-bounding lines
were generated with a spacing of 5 mm from the cutting line. For better comparison between
the nine knees, a start, end, and middle point were defined for each cutting line (Fig. 6.6).
Since the envisioned laser tool should cut through the bone similar to a saw, it is not always
necessary to move along the entire cutting line to cut off the bone fragment. For the closed
femoral cuts, it is sufficient to move along approximately 50 % of the cutting line. In contrast,
for the open tibial cuts, moving along the whole cutting line might be necessary. There are many
possibilities to select the cutting line segment that the instrument has to be moved along to cut
off the bone fragment. These possibilities are further influenced by the angular deflections that
the laser instrument can realize.
We were interested in the thickness of the available manipulation volume above the region
of interest along the cutting line. Thus, the first quartile q1RoI , the median mRoI , and the third
quartile q3RoI of the thickness of the available manipulation volume above the cutting line were
calculated over the line inside the region of interest (RoI) orthogonal to the current direction of
the cutting line (Fig. 6.7).

Results
The first quartile, as well as the median and the third quartile of the distribution of the thickness
dt2 (Eq. (6.1)) of the available manipulation volume inside the knee joint capsule over the points
inside the region of interest, orthogonal to the cutting lines for all required cuts are shown in
Fig. 6.8.

6.3.3

Proposed Workflow for Minimally Invasive UKA

Methods
Based on visual inspection of the distribution of the available manipulation volume along the
cutting lines (Fig. 6.8), we deduced a possible workflow for minimally invasive UKA using a
robotic laser osteotome that should provide maximal space for tool manipulation.
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Figure 6.6: Required cuts for unicompartmental knee arthroplasty, visualized for an Aesculap R
univation R X implant. As for most unicompartmental implants, three femoral (distal, posterior,
and chamfer) and two tibial (sagittal and transverse) cuts are required. For each of the nine knees,
the femoral and tibial implants were placed on the medial compartment. Based on the implant
planes, each cut’s cutting lines were derived with respect to each bone. For each cutting line, a
start point p~s , middle point p~m , and endpoint p~e were defined. For the femoral cuts, p~s = p~e and
p~m were defined as the points that are closest to the edge of the corresponding implant plane.
For the tibial cuts, the start and endpoints were placed posterior and anterior at the bone surface
points where the sagittal and transverse implant planes intersect. The middle points p~m were
defined as the points farthest from the intersection line of the sagittal and transverse implant
planes. The region of interest on the bone surface along the cutting lines was defined as the
area between two equidistant lines to the cutting line. The calculated thickness of the available
manipulation volume above this bone area inside the knee joint capsule was analyzed.

87

Thickness of Manipulation
Volume above Bone [mm]

Position orthogonal
to Cutting Line [mm]

Thickness of Manipulation Volume
above Bone [mm]

6.3. Defining a Cutting Workflow for Minimally Invasive UKA

Position along Cutting Line [mm]

Figure 6.7: Analysis of the thickness of the available manipulation volume along an area around
the cutting line, shown exemplarily for the distal cut on the femoral condyle. The thickness of the
available manipulation volume was extracted for an area on the bone surface around the cutting
line. The first quartile q1RoI , the median mRoI , and the third quartile q3RoI were calculated for
each position along the cutting line over 20 points inside the region of interest (RoI), orthogonal
to the cutting line.

Results
We made the following observations for the femoral cuts: Along the distal cutting line, the
thickness of the free manipulation volume above the bone surface was higher in the intercondylar
region of the femur (Fig. 6.8, violet lines) than on the outer side (orange lines), and higher at
the anterior end ({~
ps , p~e }) than at the posterior end of the condyle (grey area). For the posterior
cut, there was more manipulation volume at the proximal part (grey area) than at the distal part
({~
ps , p~e }) of the cut. In case of the tibia, we made the following observations: There was very
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Femoral Chamfer Cut

Posterior Femoral Cut

Sagittal Tibial Cut

Transverse Tibial Cut
range of

Distance along Cutting Line [%]

Figure 6.8: The thickness of the available manipulation volume inside the knee joint capsule
for the nine examined knees: The first quartile q1RoI , the median mRoI , and the third quartile
q3RoI of the manipulation volume thickness dt2 distribution over the region of interest (RoI)
perpendicular to the cutting line on the femur and tibia surface are plotted along the cutting line
with a threshold of 6 mm for dt1 for each knee. The orange and violet-colored items mark the
cutting lines between the start point p~s and the middle point p~m and between the middle point
p~m and the end point p~e , respectively. The bold line indicates the median thickness of all nine
knees mK . The grey areas represent the range of p~m for all nine knees. This figure is available
as supplementary material with a different color coding that maps the lines to the corresponding
knee number.
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little to no manipulation volume available for most knees along the entire transverse cutting line
and the first and last portion of the sagittal cutting line. Therefore, we conclude that the cutting
locations to perform the transverse cut and parts of the sagittal cut are, in most cases, not directly
accessible for a robotic instrument without prior tissue preparation, such as lifting off the knee
joint capsule to provide access to the bone surface. This was expected because this preparation
step is also often performed in conventional UKA before cutting.
Based on these observations, we propose the following workflow: First, the distal cut could
be performed by moving the instrument along the cutting line mainly on the intercondylar region
of the femur ([0 − 14 %, 64 − 100 %]). Second, the chamfer cut could be performed either
by moving the instrument mainly along the intercondylar region of the femur ([0 − 5 %,55 −
100 %]), or from the distal cutting surface taking advantage of the additional space that will be
available as soon as the bone fragment from the distal cut is removed. Third, the posterior cut
could be performed either by moving the instrument along the proximal part of the cutting line
([24 − 74 %]), or from the chamfer cutting surface taking advantage of the additional space that
will be available as soon as the bone fragment from the chamfer cut is removed. In case the
second options are chosen for the chamfer and posterior cut, the instrument would have to allow
for a higher laser deflection angle. For the sagittal cut, we see mainly two options. Either the
instrument could be moved along the entire length of the sagittal cutting line, locally cutting the
tibia from proximal to distal, or the instrument could be moved along the anterior part of the
tibia from distal to proximal, locally cutting the bone from anterior to posterior. However, the
first and last parts of the sagittal cut might not be directly accessible for a robotic instrument
without prior tissue preparation. Similarly, the transverse cut seems to be inaccessible for a
robotic instrument without prior tissue preparation.

6.3.4

Feasible Tool Dimensions

Methods
Due to the variability of the manipulation volume thickness and its distribution inside the knee
joint it is not straightforward to draw a general quantitative conclusion on the feasible instrument
size. Therefore, we calculated the first quartile and the median of the available manipulation volume’s thickness above the region of interest along the proposed portions of the femoral cutting
lines (section 6.3.3) for all knees.

Results
The first quartile q1RoI and the median mRoI of the available manipulation volume thickness
above the region of interest along at least 50 % of each femoral cutting line for all knees were;
distal: 9.1 mm, 13.3 mm, chamfer: 4.9 mm, 7.6 mm, and posterior: 6.6 mm, 9.6 mm. Based
on these results, we assume that an instrument thickness of 5 − 8 mm would be feasible for the
proposed procedure. The feasible instrument dimensions for the tibial cuts will depend on the
tissue preparation procedure.

90

6.4

Chapter 6. Anatomical Constraints in the Knee: Manipulation Volume

Discussion

We analyzed the thickness of the available manipulation volume inside the knee joint above the
femur and tibia surface by injecting contrast solution and performing CT scans. This is the first
time that quantitative information on the three-dimensional distribution of the maximally available volume inside the knee joint was determined to the best of our knowledge. This information
is crucial when developing minimally invasive robotic tools for knee surgery that introduce substantial changes into existing surgical workflows and for applications that critically depend on
knowledge about the available manipulation volume inside the knee.
The amount of injected contrast solution was 95 ml or 115 ml. However, the calculated
volume of the contrast solution inside the knee joint after injection varied between 106 ml and
153 ml, i.e., it was always bigger than the injected volume. The amount of synovial fluid in
a normal human knee joint has been reported to be less than 4 ml [257], thus the presence of
synovial fluid is unlikely to explain the discrepancy. We assume that the difference originates
from the fact that we used Thiel-embalmed bodies and that the fixation fluid present inside the
knee joint mixed with the contrast solution.
The manipulation volume was not distributed evenly around the knee joint, but the general
distribution of the injected contrast solution was similar for all nine examined knees (Fig. 6.5).
For all knees, there was little to no manipulation volume below the patella (fat pad), below
the medial and lateral collateral ligaments, and on the medial side of the medial tibial condyle.
Locations with most manipulation volume included the recessus suprapatellaris and the anterior
intercondylar area. The recessus suprapatellaris is a bulge of the knee capsule. Therefore, the
available volume inside the recessus suprapatellaris does not directly connect to the bone surface
and is not a valid manipulation volume for interventions that require access to the bone surface.
It was not possible to avoid this false assignment by setting a threshold for dt1 because the
recessus suprapatellaris is very thin and may lie directly on the bone surface. An area with less
manipulation volume is visible in the supratrochlear region for knees 4 and 8. This effect could
be caused by the plica suprapatellaris, an inward fold of the knee joint capsule, which increases
the distance between the bone surface and the volume inside the recessus suprapatellaris dt1
above the threshold of 6 mm.
To extract quantitative information on the available manipulation volume for UKA, we examined the available manipulation volume at the locations relevant for this procedure, i.e., the
cutting lines that need to be reached by a surgical instrument to perform bone cutting with a
laser for placing a standard medial UKA implant (Fig. 6.8). The thickness of the available manipulation volume changes along the cutting lines due to the different anatomical locations and
corresponding different environmental conditions along the cutting lines, i.e., the presence and
flexibility of the soft tissue at each location. The differences in the thickness of the manipulation volume between the different subjects were mainly caused by anatomical differences, e.g.,
the different form, consistency, and elastic properties of soft tissue inside the knee joint. Noticeable higher median values or variability of the manipulation volume thickness for individual
knees were mainly caused by either leakage of the contrast solution or a local connection of
the manipulation volume between the two knee compartments (e.g., between 65 % and 80 % of
the posterior cutting line, or between 40 % and 60 % of the chamfer cutting line in Fig. 6.8).
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The selected embalming technique (Thiel) is known to preserve the tissue’s natural consistency
but increases its softness and permeability [258]. We assume that the observed contrast solution
leakages were mainly caused by the softer tissue due to the Thiel-embalming and/or the presence
of Baker’s cysts.
Based on this study’s results, we proposed a workflow for minimally invasive UKA, which
should be feasible with a robotic laser osteotome with a thickness of 5 − 8 mm. Our conclusions
apply only for guiding the instrument along the femoral cutting lines. Further experiments with
prior tissue preparation to provide access to the bone surface (lifting off the knee joint capsule)
would be necessary to propose a feasible surgical workflow for the tibial cuts. We only investigated the required space to perform the cuts, but not how the instrument is inserted into the knee
or moved between the cuts. Thus, the complete workflow might impose further limitations on
the maximal tool size.
We did not specifically analyze the limitations on the width and length of the tool because the
shape of the tool is still undefined. Instead, we specified a region of interest around the cutting
lines with a width of 10 mm. This area considers that a surgical tool has a certain width and,
therefore, also requires manipulation space on both sides of the cutting line. Depending on the
specific shape of the tool, the relevant volume around the cutting lines might differ. However, we
assume that the tool’s width and length will have similar dimensions to allow the tool’s rotation
inside the knee joint. Also, we assume that the required manipulation volume depends on the
shape of the cut and the tool’s length. Depending on the tool’s length, more manipulation volume
might be required at locations where a cutting line has a high curvature, and the instrument is
required to change direction within little space.
We proposed that the distal and chamfer cuts could be performed by moving the instrument
mainly along the femur’s intercondylar region. The anterior and posterior cruciate ligaments
attach to the intercondylar areas between the medial and the lateral condyle. Since Thielembalming increases tissue permeability [258], we cannot exclude that the soft tissue present
in the knee, such as the cruciate ligaments or the infrapatellar fat pad, was partially infiltrated by
contrast solution and that therefore parts of these anatomical structures were considered as manipulation volume. This entails that, in reality, less manipulation volume might be present in the
intracondylar region than suggested by our results. Therefore, performing the chamfer/posterior
cuts from the distal/chamfer cutting surfaces, taking advantage of the additional space available
as soon as the bone fragment from the distal/chamfer cuts are removed, might be preferable.
Due to the limited number of knees studied in this work and the different tissue properties of
dead tissue compared to living tissue, our results might not directly apply to the target population
for UKA. In addition, the knees studied originated from elderly people. Therefore, this study’s
results might not directly represent the situation in the knee of a younger person. For instance,
anatomical structures such as cruciate ligaments or menisci might be altered due to the aging
process or injuries, or osteophytes might obstruct space that is normally available.
The accuracy of the data is further limited due to the limited resolution of the CT images
and the segmentation process. Assuming an inaccuracy of the segmentation in the range of 2-3
pixels, the segmentation error should be less than 1 mm.
Furthermore, this study only considered one type of standard implant. Different implant
shapes will result in different cutting lines on the femur and tibia and, therefore, influence the
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resulting available manipulation volume around the cutting lines.
The presented procedure allows evaluating the available manipulation space inside a joint
on an individual basis. Therefore, we also see the possibility that this method might be used
in a clinical setting in the future to allow for personalized interventions. The data can serve as
a valuable information basis for personalized implant designs, surgical instruments, trajectory
planning, or the optimal selection of the surgical access points to the joint. Additional limitations
might apply if this method is used in a clinical setting. First, radiation exposure should be
minimized, i.e., it should be considered to use MRI instead of CT. Second, the segmentation
should be carried out automatically to reduce duration and costs. However, most importantly,
the personalized procedure needs to show a clear benefit for the patient to justify the additional
costs and potential risks, e.g., infections or hematoma due to the incision of liquid into the joint.
This study was carried out at one fixed knee flexion angle. We assume that it is beneficial
for robotic minimally invasive surgery in the knee to carry out the procedure with a static knee
flexion angle. Changing the knee flexion angle might allow increasing the manipulation volume
at specific locations but would most likely require to retract and reinsert the robotic instrument.
It has been shown that the relationship between the volume and pressure inside the knee joint
capsule depends on the flexion angle of the knee [259]. The capsular pressure seems to be higher
in a flexed knee than an extended knee, leading to a higher risk of high intraarticular pressure
and capsular rupture. Therefore, should the method presented in this paper be used in patients or
healthy subjects, the capsule’s maximal feasible pressure should be identified and not exceeded
to avoid ruptures of the capsule. Furthermore, it could be valuable to investigate the change
of the available manipulation volume’s distribution depending on the knee flexion angle. This
would require to change the experimental procedure and setup to include an outlet that allows
the contrast solution to flow out of the knee joint if necessary.
The herein presented method to measure the manipulation volume was based on a uniform
pressure distribution in the entire knee joint capsule. In contrast, the robotic tool’s insertion will
not introduce a uniform pressure distribution in the knee but only extend the capsule volume and
pressure locally. Thus, we do not expect to reach problematic intraarticular pressures during the
procedure. Given that the soft tissue has sufficient elasticity, the available manipulation volume
might be bigger in a surgical setting than what we found in this study because fluid is inserted
into the knee capsule with little to no pressure in a surgical setting.
Despite the mentioned limitations, the obtained quantitative information on the amount and
distribution of the thickness of the manipulation volume inside the knee joint indicates that using
a 5 − 8 mm robotic laser osteotome for UKA seems reasonable. After the first design of this
tool, further analysis of the volume data will allow assessing the entire procedure’s feasibility by
also considering the instrument manipulation in between the different cuts and considering the
specific shape of the entire instrument.

6.5

Conclusion

We presented a method to quantitatively evaluate the available volume inside a joint to manipulate surgical instruments. We implemented this method for Thiel-embalmed knee specimen and
derived quantitative information on the available manipulation volume size and distribution. We

6.5. Conclusion

93

observed a similar but uneven distribution of the volume around the knee joint for the nine examined knees. To derive requirements for minimally invasive UKA, we analyzed the manipulation
volume at the specific locations that a surgical tool needs to reach to perform minimally invasive bone cutting to place a medial implant in UKA. This analysis made it possible to propose
a surgical workflow for minimally invasive UKA that provides a large volume for manipulation
of the tool, such as a flexible robotic laser osteotome. Based on the findings we derived that a
tool thickness of 5 − 8 mm could be feasible to perform the femoral cuts. A further preparation
step will be necessary prior to the tibial cuts, to provide access to the bone surface.
The presented method and the resulting quantitative information on the available manipulation volume can serve as a basis for the development of robotic tools for minimally invasive
knee surgery that introduce significant changes in an existing surgical workflow, the design of
novel implants, the optimization of surgical workflows, and, in the future, even for personalized
interventions.
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Chapter 7

Robotic Minimally Invasive Laser
Osteotomy: Miniaturization
7.1

Foreword and Overview

In the manuscript presented in this chapter, I presented a to-scale prototype of the parallel mechanism introduced in the previous chapters (Chapter 2, Chapter 3, and Chapter 4) and its accuracy
evaluation. The dimensions of the developed prototype were based on the available manipulation
volume inside the knee joint as estimated in a cadaver study (Chapter 6), dimensions of the tools
in basic sets used for knee arthroscopy, and feedback from an orthopeadic surgeon. Compared
to the upscaled prototype, the miniature parallel robot’s actuation concept was revised and realized with four spindle nut mechanisms, each driving one of the parallel kinematic chains. The
spindle rotation was transmitted from remote motors to the miniature parallel robot via flexible
shafts. The prototype was manufactured with a length of 17 mm, a height of 7.6 mm, and width
of 7.5 mm. The kinematics and workspace calculations for the mechanism were presented in
detail. The accuracy of the miniature parallel robot was evaluated in a path-following element
with an optical tracking system. The miniature parallel robot achieved an average positioning
accuracy of 0.07 mm, with a maximum error of 0.176 mm.

7.2

Summary

To overcome the physical limitations of mechanical bone cutting in minimally invasive surgery,
we are developing a miniature parallel robot that enables positioning of a pulsed laser with
an accuracy below 0.25 mm and minimizes the required manipulation space above the target
tissue. This paper presents the design, control, device characteristics, functional testing, and
performance evaluation of the robot. The performance of the robot was evaluated within the
The manuscript presented in this chapter was submitted for publication with the title “Miniature Parallel Robot
with Submillimeter Positioning Accuracy for Minimally Invasive Laser Osteotomy” to Robotica [6] in July 2020,
and is currently under review.
Copyright and licensing information can be found in the Preface.
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scope of a path-following experiment. The required accuracy for continuous cuts was achieved
and reached 0.176 mm on the work bench.

7.3

Introduction

Within the last two centuries, surgical interventions progressed more and more towards minimally invasive surgery (MIS) [118]. MIS is less invasive than open surgery and, therefore, results in less collateral damage to healthy tissue and faster patient recovery [101, 102]. In surgical
procedures that involve the cutting of bone, such as joint arthroplasty, skull surgery, and spine
surgery, replacing open surgeries by MIS is challenging. Processing of bone typically requires
mechanical tools, such as bone saws and drills, and, therefore, high contact forces arise between
these medical instruments and the tissue. The need to apply high forces to the tissue requires
larger instrument diameters and makes the development of minimally invasive tools difficult.
Orthopedic procedures require a big tool workspace and a relatively high cutting accuracy to enable accurate implant placement, which is important for knee replacements [39]. Nevertheless,
effort has been invested in making orthopedic procedures less invasive. To this end, miniature bone-mounted robots for joint arthroplasty have been developed [165], such as the Mini
Bone-Attached Robotic System [186] and the Hybrid Bone-Attached Robot for joint arthroplasty [189]. Further examples include the miniature bone-mounted parallel robot for guiding
surgical tools during pedicle screw placement or trauma surgery [181], or bone-mounted parallel
robots for instrument guidance along a drilling trajectory for the accurate placement of cochlear
implants [125, 127].
However, we believe that the potential for less invasive procedures using the existing miniature bone-mounted devices is limited by the required device dimensions to achieve high bone
cutting forces and the limited maneuverability of these tools for reaching the target location from
outside the patient through small incisions. In contrast to abdominal or endoluminal minimally
invasive surgery, bones are usually not directly accessible. They are covered by tissue such as
joint capsules, tendons, and muscles.
Therefore, only a relatively small and narrow space is available above the bone surfaces for
manipulating a tool in a minimally invasive manner. We see the main challenge in developing
mechanical tools for minimally invasive devices for orthopedic surgery in the interplay of the
following requirements:
i) High cutting forces
ii) High accuracy in a large workspace
iii) Small dimensions and a narrow manipulation space
To address requirement i) on high cutting forces, we aim to enable thin and accurate bone
cuts in a minimally invasive manner by cutting bone with a laser. So-called laser osteotomy offers a low-contact-force alternative to cutting bone with conventional mechanical tools [20] and
enables faster bone healing, higher cutting accuracy, and increased freedom in the cutting geometry [28]. To enable accurate and, in particular, deep bone cuts, the laser must be moved several
times in submillimeter steps along the cutting path and, therefore, requires robotic assistance
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Figure 7.1: Illustration of the overall setup: A serial robot (1) guides a robotic endoscope (2) for
minimally invasive laser osteotomy, including its actuation unit (3). The laser is guided through
the endoscope to the endoscope tip segment (4) by an optical fiber (5). One end of the fiber
is connected to the laser source, located outside the patient and the other end is connected to
the laser optics (6) inside the endoscope tip. The laser optics redirect the laser beam, which
then exits the endoscope tip perpendicular to its longitudinal axis (7) and is directed towards the
bone surface. The endoscope tip segment is a standalone miniature robot, which can guide the
laser optics to enable accurate bone ablation. The system can be controlled by a surgeon using
telemanipulation (8).
[34]. Robotic laser osteotomes are already available for an open surgical approach [35, 36].
However, to our knowledge, no minimally invasive tool for laser osteotomy has been realized so
far.
To meet requirement ii) on high accuracy in a large workspace, we are developing a system
for minimally invasive laser osteotomy based on the macro-micro approach (Fig. 7.1). The
macrosystem has a large workspace but poor accuracy, while the microsystem, which is the
focus of this article, has a smaller workspace but higher accuracy.
The macrosystem consists of a serial robot that guides a robotic endoscope, whereas the microsystem is a miniature robot with integrated laser optics mounted at the tip of the endoscope.
Once the macrosystem positioned the miniature robot on the bone, the miniature robot attaches
to the bone and accurately guides the laser in a minimally invasive approach. The miniature
robot has to allow at least two degrees of freedom (DoFs) to position the laser parallel to the
bone surface for cutting. Based on the currently envisioned diameter of the laser focal point of
0.5 mm [33], we aim to achieve a positioning accuracy below 0.25 mm for the miniature robot
to enable the realization of continuous laser cuts based on pointwise ablation. When we looked
at general robotic devices for minimally invasive surgery, we found that the tool positioning accuracy of the developed devices is often not reported. To the best of our knowledge, the only
robotic tools for minimally invasive surgery with a reported tool or tip accuracy below 0.25 mm
are the magnetic laser scanner module for endoscopic microsurgeries [222] and the micropositioner for confocal endomicroscopy [221]. Other examples of existing miniature robotic tools
for minimally invasive surgery that do not provide accuracy specifications or reported a tool tip
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Figure 7.2: Two possible orientations of the longitudinal axis of the tool are shown: perpendicular to the target surface (left) and parallel to the target surface (right). For the left setup, assuming
one skin incision, the workspace mainly depends on the bending capability of the distal tool element and the distance of the bending axis to the target surface. The required manipulation space
mainly depends on the length l of the last rigid structure of the tool. For the setup on the right
side, the workspace that can be reached depends mainly on the ability of the tool to translate
parallel to the target surface. The required manipulation space primarily depends on the tool
diameter d. Therefore, the device setup on the right side is better suited for tool manipulation in
narrow regions.

positioning accuracy above 0.25 mm are listed in Table 7.1 in Appendix 7.10.
Concerning requirement iii) on small dimensions and a narrow manipulation space, we aim
at a device height below 8 mm for our prototype. This value is based on feedback from an
experienced orthopedic surgeon, as well as on the dimensions of the tools in basic sets used
for knee arthroscopy such as shavers, arthroscope shafts, and barrel burrs [260], as our first
target application of the device is unicondylar knee arthroplasty. However, we also see further
possible application fields of the device, where the space above the target area might be even
more limited. Thus, ideally the concept should allow even further miniaturization.
Robotic devices for minimally invasive surgery were mainly developed for abdominal or
endoluminal surgical applications, and were often constructed such that the device consists of
a distal structure with rotational degrees of freedom for bending, which orients the longitudinal
axis of the tool towards the area of interest. While the diameter of these devices was minimized
to reduce the skin incision needed for insertion, the length of the last segment was not the
main focus of miniaturization. This approach has drawbacks for application in confined and
narrow spaces. In contrast, orienting the longitudinal axis of the tool parallel to the target surface
allows minimizing the required manipulation space above the target surface without limiting the
workspace of the tool (Fig. 7.2). Examples of existing devices, where the longitudinal axis of the
tool is oriented parallel to the target surface included a parallel wire robot for injections into the
myocardium [261], and a miniaturized robotic probe for endomicroscopy [219]. However, the
positioning accuracy of the parallel wire robot was in the range of millimeters and no positioning
accuracy was stated for the miniaturized robotic probe.
To the best of our knowledge, there is no robotic device available with a height below 8 mm
that allows manipulation inside confined and narrow spaces at an accuracy below 0.25 mm.
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Recently, we presented the topology of a parallel robot that has the potential to satisfy our
requirements for minimally invasive laser osteotomy [1]. Based on a first upscaled prototype, we
demonstrated the proof of concept of the parallel structure [2]. However, in this upscaled setup,
many key challenges were not addressed, because the setup was built without size constraints
resulting in a device with overall dimensions of 115 mm × 35 mm × 40 mm. For the first time,
we present the miniaturized version of the parallel robot with a height below 8 mm and a novel
actuation and position sensing. Additionally, we evaluate the robot’s positioning accuracy on
the work bench.

7.4
7.4.1

The Miniature Parallel Robot
Concept

The parallel robot presented herein consists of four actuated chains that connect the moving
platform to the base of the robot, i.e., the bone. The connection of the robot to the bone is
realized by directly attaching the robot’s legs to the bone. Details on the attachment of the legs
to the bone are a research topic per se, and will therefore not be further discussed in this article.
The moving platform of the parallel robot is the endoscope’s tip segment, which houses the laser
optics. Each actuated chain is of the RRP type, i.e., two passive rotary joints followed by an
actuated prismatic joint. In total, there are four prismatic actuators; thus this robot structure is
abbreviated as 4-RRP (Fig. 7.3). This
allows movement of the laser optics (see (5) in
 B structure
B
Fig. 7.3) in two translational DoFs ~ex , ~ey , and one rotational DoF ϕe (see (3) in Fig. 7.3). The
origin B of the robot’s base frame is defined to be located at the center point of the connecting
line between the two attachment points of the robot on the bone. The x-axis of the frame is
directed towards the right attachment point p~r , and the z-axis is defined to be parallel to the
robot’s legs (~n1 and ~n2 , Fig. 7.3).
When the robot is attached to a surface, the number of controlled DoFs (three) of the end
effector is smaller than the number of actuators (four); thus, the mechanism is a so-called redundant mechanism. If one of the two legs is not attached to a surface, i.e., is moving in free space,
the robot is not redundant. Since two actuators control the movement of each parallel robot leg,
the legs can be positioned in two DoFs when they are not attached to the bone. This allows
the leg and arm structure to be moved close to the robot’s main body during insertion into and
retraction from the patient. Additionally, the actuation redundancy enables the robot to translate
along the bone by successively repositioning its legs and therefore expanding the workspace.
Although these two features are not the focus of this work, it is essential for future work that the
mechanical design of the miniature robot, the actuation concept, and the position sensing will
allow the independent movement of each leg of the parallel robot.

7.4.2

Actuation

For minimally invasive surgery, extrinsic actuation, i.e., actuators that are placed outside the
patient, can be beneficial as it facilitates the design of simpler, smaller, and lighter components of the instrument parts that enter the patient. Furthermore, possible safety risks can be
avoided, e.g., electrical current or high-pressure hydraulics do not have to be transmitted inside
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Figure 7.3: The parallel robot has two legs (1) that are firmly attached to the bone at {~
pl , p~r } and
directed along {~n1 , ~n2 }. The right leg (attached at p~r ) consists of two revolute joints {R1 , R3 }
with rotation axis ~n1 . Revolute joint R1 is connected to a link L1 (2) with a fixed length of
da . The other end of L1 is connected to a further revolute joint R2 , which can slide along the
supporting link A1 B1 . The motion of R2 along A1 B1 is controlled by prismatic actuator P1 ,
which adjusts the distance between A1 and R2 . A second link L2 is connected to R3 and R4 ,
with R4 sliding along the supporting link A2 B2 . Prismatic actuator P2 controls the motion
of R4 along A2 B2 . The same arrangement is established for the other leg, which is anchored
on the bone at p~l with actuators {P3 , P4 }. The positions of the prismatic joints are denoted
by ρi , i ∈ {1, 2, 3, 4}. The two legs anchored on the bone define the base (3) of the parallel
robot. The endoscope tip (4), which houses the laser optics (5), is the moving platform of the
mechanism. The robot enables the movement of the laser optics, i.e., the end-effector frame E,
in three DoFs.

the patient. However, placing the actuator outside the patient means that motion transmission elements are required, which have the drawbacks of energy losses (e.g., due to friction), backlash,
and compliance. Despite existing drawbacks of extrinsic actuation, high energy densities can
be introduced in small structures from outside, while the possibility for further miniaturization
remains.
The upscaled prototype of the parallel structure presented in previous work [2] was actuated based on tendons, Bowden tubes, and pulleys. The tendons were attached to sliders that
moved on linear rails. However, this prototype was built with the usage of low friction and high
accuracy linear rails with built-in encoders that are not available in smaller sizes. While tendondriven mechanisms allow miniaturization, friction between the tendons and Bowden tubes, tendon wear, and tendon elongation under load decrease the accuracy and dynamic response of the
actuator. These effects do not decrease with decreased size of the device. Furthermore, the usage
of pulleys reduces the miniaturization potential since the smallest realizable pulley size depends
on the limited bending radius of the tendons. The used encoders for slider position feedback are
not available in the required dimensions. Thus, we decided to design a novel actuation concept
for the miniaturized version of the end effector.
In the design for the miniaturized parallel robot the prismatic actuators are realized as fol-
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Figure 7.4: The actuation concept for the miniature parallel robot: Flexible shafts are transmitting the rotation αi from the externally placed electrical motors to the rotation of the leadscrews
inside the end effector. These leadscrews then transfer the rotary motion of the flexible shafts
into linear movements of nuts ρi , i.e., the prismatic actuators. The miniature robot houses four
such prismatic actuators.

lows: Motors outside the patient are connected to flexible shafts. These flexible shafts are guided
through the robotic endoscope and transfer the motor rotation to leadscrews inside the endoscope
tip. These leadscrews then transfer the rotary motion of the flexible shafts into linear movements
of nuts, i.e., the prismatic actuators (Fig. 7.4). This extrinsic actuation facilitates the device
miniaturization and allows using off-the-shelf electrical motors. Furthermore, by realizing the
prismatic actuation as a leadscrew-nut pair, a transmission gear is directly implemented at the
last moving element of the actuator. Due to the gear ratio, it is possible to measure the position
of the nut by measuring the rotation of the flexible shaft using the motor encoders outside the
patient body, thus eliminating the need for integration of very accurate sensors in the miniature
device. To the best of our knowledge, there are only a few other devices for MIS where the
benefits of the combination of flexible shafts and screws were exploited, i.e., [234] and [262].

7.4.3

Position Sensing

For closed-loop control, direct absolute measurements of the positions of the actuated prismatic
joints of the parallel robot and, thus, the nut positions on the leadscrews would be desirable.
However, no commercial sensor is available with dimensions that would allow both direct integration into the endoscope tip and measurement of the nut positions in the submillimeter range.
Therefore, for the setup presented herein, the nut positions are calculated based on the motor angles αi , which are measured by encoders integrated into the motors located outside the patient.
The motor rotation is transmitted to the leadscrews inside the endoscope tip by flexible shafts,
which may introduce a rotation error βi due to torsional elasticity. The leadscrews transform the
rotary motion into linear movements of the nuts. This transformation may introduce an error due
to backlash δ i between the leadscrew and the nut. With the leadscrew thread pitch p and under
the assumption of a perfect initial calibration, the nut positions can be calculated as follows:
ρi =


p
αi + β i + δ i
◦
360

∀i ∈ {1, 2, 3, 4} .

(7.1)
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where ρi , αi , β i and δ i are the true values of the nut position ρi , the motor angle αi , the rotation
error βi and the backlash δi . The measurement result ρi is only an estimate of the true value of
the nut position ρi and thus is complete only with a statement of the uncertainty of this estimate,
Uρi :
ρi = ρi ± Uρi ∀i ∈ {1, 2, 3, 4} .
(7.2)
Since we use these nut position measurements ρi for closed-loop control of the end effector,
we have to ensure that the uncertainty in the end-effector position due to the uncertainty Uρi
of the nut positions leads to an error that is smaller than the positioning accuracy we want to
achieve (0.25 mm). To provide an interval that is expected to encompass a large fraction of
the distribution of values around the true nut positions, we calculate the expanded measurement
uncertainty with a coverage factor of k = 2, according to [263]:
Uρi = k · uρi

∀i ∈ {1, 2, 3, 4} .

(7.3)

Three contributors to the measurement uncertainty uρi are considered; the limited resolution of the motor encoders, the torsional elasticity of the flexible shafts, and the axial play of
the leadscrew-nut pair. The limited resolution of the motor encoders leads to a measurement
uncertainty uαi on the motor angles. In addition, the flexible shafts have a torsional elasticity
that allows deformations. This leads to an additional uncertainty uβi . The axial play of the
leadscrew-nut pair introduces backlash that leads to an uncertainty of the nut position uδi . Due
to the linearity of (7.1), these three uncertainties can be combined to obtain the uncertainty of
the measured nut position ρi as follows:
r

p 2  2
2
2
(7.4)
uρi =
u
+
u
αi
βi + uδi .
360◦
The uncertainties uαi , uβi , and uδi are taken to follow an approximately uniform distribution on
the interval [a− , a+ ]. Thus, the standard uncertainty is calculated as follows:
u=

a+ − a−
√ .
2 3

(7.5)

~ ρ on the positions of the linear actuators (with ∆ρ ≤ Uρ )
The resulting measurement error ∆
i
i
~
will influence the pose error ∆χe of the end effector. A linear relationship exists between these
two quantities:
~ χe = J(~
~ ρ,
(7.6)
∆
ρ )∆
where J is the pose-dependent Jacobian matrix of the parallel robot. The Jacobian matrix can
be directly determined by differentiating the direct kinematics equations (see Section 7.4.4).
All entries of the Jacobian matrix are converted into positive values to calculate the maximal
expected uncertainty of the end-effector pose.
These calculations allow us to estimate the maximal expected uncertainty of the end-effector
position, based on the modeled uncertainty of the nut position measurement for a given joint configuration. This value is a lower bound for the achievable positioning accuracy. Since not all
errors can be known in advance the lower bound of achievable positioning accuracy has to be
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smaller than the required positioning accuracy. To verify that this criterion is met, the theoretical
minimal end-effector position errors will be calculated for the conducted path-following experiment. We are aware that additional error sources such as mechanical play or manufacturing
inaccuracies will be present. However, this analysis is a first necessary step for choosing appropriate hardware components. The determination of other uncertainties requires an experimental
setup.

7.4.4

Kinematics

The end-effector pose is characterized by the pose of the body-fixed end-effector coordinate
frame E in relation to the bone-fixed inertial coordinate frame I. Since the end effector moves
in a planar way, the motion can be described by three variables:
χ
~e =



xe ye ϕe

T

∈ R3 .

(7.7)

Here, the end-effector position {xe , ye } corresponds to the point p~e on the moving platform,
which is the location at which the laser exits. The orientation ϕe corresponds to the angle of the
moving platform with respect to the base, as shown in Fig. 7.5. The actuator positions are the
positions of the nuts on the leadscrews:
ρ
~=



ρ1 ρ2 ρ3 ρ4

T

.

(7.8)

The definitions of the notation used in the following are illustrated in Fig. 7.5. The parameters hl and hr denote the distances between the left and right legs, respectively, and the
connecting line between the two rotational joints around which the arms connected to the corresponding leg rotate. These parameters can be calculated based on the joint positions and the
arm length da , as follows:
r
1
hl = d2a − (ρ3 − ρ4 )2 ,
4
(7.9)
r
1
2
2
hr = da − (ρ2 − ρ1 ) .
4
These parameters are used to calculate the direct and inverse kinematics of the parallel robot in
the following sections. The direct kinematics are presented in previous work [2]. For the inverse
kinematics, a new derivation is formulated that facilitates the workspace calculation.

Direct Kinematics
The position and orientation of the end effector, {xe , ye , ϕe }, given a specific configuration ρ
~
of the robot, can be calculated based on the distance between the right anchor point and the
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Figure 7.5: Top view of the parallel mechanism and variable notation: The origin p~e of the
end-effector frame E is located at the point, where the laser exits the robot. The y-axis of the
end-effector coordinate frame E is parallel to the line of symmetry of the moving platform,
and the x-axis is oriented parallel to the plane spanned by ~eIx and ~eIy and points towards the
right leg (~
pr ). The joint coordinates ρi , i ∈ {1, 2, 3, 4}, are defined as the y components of
the nut positions in the frame of the moving platform, M . The geometrical parameters of the
mechanism are the arm length, da ; the distance between the connecting lines {Ll , Lr } between
the rotary joints on the left and right
 sides of the platform, ds ; the position coordinates of the end
effector on the moving platform, dex , dey ; the length of the leadscrew, dr ; and the distance
between the attachment points {~
pl , p~r } of the left and right legs, dlr . The lines Lr,l represent the
supporting links {A1 B1 , A2 B2 } and {A3 B3 , A4 B4 }, as shown in Fig. 7.3.
end-effector position in the end-effector frame as follows:




dlr
ds
ρ1 + ρ2
xe =
− hr +
− dex cϕe − dey −
sϕe ,
2
2
2




ρ1 + ρ2
ds
ye = dey −
cϕe − hr +
− dex sϕe ,
2
2


ρ3 + ρ4 − (ρ2 + ρ1 )
ϕe = arctan
.
2(hl + ds + hr )

(7.10)

Alternatively, the direct kinematics can also be calculated based on the distance between the
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left anchor point and the end-effector position, see Appendix 7.11.
Inverse Kinematics

To calculate the joint coordinates ρ
~ based on a known end-effector pose χ
~ e , we can rearrange
the direct kinematic equations to obtain
ρ1,2 = a1 ∓
ρ3,4 = a3 ±

√
√

a2 ,
a4 ,

(7.11)

where
a1 = xe sϕe − ye cϕe − b1 sϕe + b2 cϕe ,
a2 = d2a − (−xe cϕe − ye sϕe + b1 cϕe + b2 sϕe )2 ,
a3 = xe sϕe − ye cϕe − b3 sϕe + b4 cϕe ,
a4 = d2a − (xe cϕe + ye sϕe − b3 cϕe + b4 sϕe )2 ,
ds
dlr
− dey sϕe − ( − dex )cϕe ,
b1 =
(7.12)
2
2
ds
b2 = dey cϕe − ( − dex )sϕe ,
2
dlr
ds
b3 = −
− dey sϕe + ( + dex )cϕe ,
2
2
ds
b4 = dey cϕe + ( + dex )sϕe .
2
We define ρ1 and ρ4 as the position of the nuts that are closer to the origin of the frame M on
the moving platform (see Fig. 7.5). More detail on the derivation of the inverse kinematics is
provided in Appendix 7.11.

7.4.5

Workspace


The parallel robot has three DoFs; two correspond to translational motion, ~eIx , ~eIy , and one corresponds to rotational motion, ϕe . For each point {xe , ye } that is part of the robot’s workspace,
there is at least one nonempty interval for the angle ϕe . The workspace of the robot is restricted
by various factors, such as the mechanical limits of the passive joints, self-collision between
the elements of the robot, and limitations due to actuators and singularities [230]. Based on
the constraints that limit the robot’s movement, the robot’s workspace can be calculated. For
a specified robot position {xe , ye }, we can obtain exactly the rotational workspace as a set of
intervals. The constraints that limit the robot’s workspace and the procedure to calculate the
rotational workspace for a known robot position {xe , ye } are described in the following.
The first constraint is based on the condition, that the inverse kinematic equations (7.11)
must yield a real-valued solution for the square roots. Therefore, the values under the square
roots must be larger than or equal to zero:
a2 ≥ 0

and

a4 ≥ 0.

(7.13)
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Furthermore, there is a mechanical constraint that requires that the anchor points must be beside
the moving platform and cannot be below it, since this would lead to collision between the arms
and the leadscrews. To formulate this constraint, we introduce additional variables as follows.
The lines Lr and Ll represent the supporting links {A1 B1 , A2 B2 } and {A3 B3 , A4 B4 }:
Ll,r (x, y) | y = mx + nl,r .

(7.14)

The slope m of these lines can be calculated as
m = − tan(

π
− ϕe ).
2

(7.15)

The y-intercepts of the lines Ll,r in the B frame can be calculated by inserting the points
{B p~Ll ,B p~Lr } into the line equations defined in (7.14), which leads to
ds
ds
+ dex )sϕe ) − m(xe − ( + dex )cϕe ),
2
2
ds
ds
nr = (ye + ( − dex )sϕe ) − m(xe + ( − dex )cϕe ).
2
2
nl = (ye − (

(7.16)

The constraint that the positions of the legs must be beside the moving platform and cannot be
below it can be formulated by limiting the x-intercept of the line Ll in the B frame to be located
on the right side of the left anchor point and the x-intercept of the line Lr on the right side of the
robot to be located on the left side of the right anchor point:
xLl (y=0) ≥ −
xLr (y=0)

dlr
2

dlr
≤
2

⇒
⇒

dlr
nl
−
≥ 0,
2
m
dlr
nr
+
≥ 0.
2
m

(7.17)

The robot has two relevant singular configurations, which correspond to the cases in which the
arms are parallel on one side of the robot. The first configuration occurs when the nuts are
separated by the maximal distance, and the second occurs when the nuts are in the same position
and the arms are coincident. The closeness to such a singularity can be limited by specifying
limits on the variables hr and hl . These variables denote the distances between the right and left
legs, respectively, and the connecting line between the two rotational joints around which the
arms connected to the corresponding leg rotate. This constraint results in four inequalities:
hlmin ≤ hl ≤ hlmax ,
hrmin ≤ hr ≤ hrmax .

(7.18)

In addition, the actuator strokes are limited, meaning that the nut positions ρi are bounded:
ρi ∈ [ρmin , ρmax ]

∀i ∈ {1, 2, 3, 4} .

(7.19)

Note that based on the inverse kinematics equations (7.11), the actuators are further constrained
such that ρ1 ≤ ρ2 and ρ4 ≤ ρ3 , respectively.
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Based on these constraints, the robot’s rotational workspace can be calculated using interval
arithmetic. More exactly, the end effector is at the workspace border if any of the inequality
variables (7.13), (7.17), (7.18), or (7.19) reaches its limit. By investigating the edge case of each
inequality equation, we can find the border of the workspace. Each of the edge case equalities
can be transformed into second order polynomials in T using the Weierstrass substitution
sin(ϕe ) =

2T
,
1 + T2

cos(ϕe ) =

1 − T2
.
1 + T2

(7.20)

The real-valued roots Trj of all 16 edge case polynomials are calculated and stored in a value
sorted list. A value smaller than the first entry and a value bigger than the last entry are appended
at the beginning and end of the list, respectively. This sorted root list forms the
 intervals that
must be checked to be part of the reachable workspace. For each interval Trj , Trj+1 , the
midpoint is calculated as Tmidj = (Trj + Trj+1 )/2, and at this midpoint, the inequality variables
(7.13), (7.17),
(7.18)

 and (7.19) are tested. If none of the inequalities is violated, then the
interval Trj , Trj+1 is part of the reachable rotational workspace; otherwise, the interval is
discarded. The resulting boundaries of the reachable rotational
workspace
are translated
back




into bounds on the angle ϕe by using the transformation ϕej , ϕej+1 = 2 arctan( Trj , Trj+1 ).
This procedure yields the set of valid intervals of the rotation angle ϕe for each end-effector
point {xe , ye }. Each point {xe , ye } for which there exists at least one nonempty interval for ϕe
is part of the translational workspace.
The geometrical parameters of the robot directly influence the shape and size of the workspace.
For the prototype that is described in this work, we selected these parameters based on a compromise between minimizing the dimensions of the prototype, maximizing the resulting translational workspace of the robot, and simplifying the manufacturing and assembly process while
reducing production costs. For that purpose, the translational workspace was calculated for all
feasible parameter sets, and the set that resulted in the largest translational workspace was selected. The resulting workspace of the miniature robot for the geometrical parameters ds =
7.8 mm, da = 3 mm, dlr = 11.5 mm, dex = 0 mm and dey = 7 mm and constraints of
ρmin = 0 mm, ρmax = 13 mm, hl,rmin = 0 mm, and hl,rmax = 3 mm is shown in Fig. 7.6.

7.5
7.5.1

Apparatus
Hardware Design

The hardware of the miniature parallel robot prototype consists of a housing, which holds the
optical components for the laser; four actuators, which enable the linear movement of the nuts
along the leadscrews; and two legs, which connect the two arms on each side of the robot to
the ground (Fig. 7.7). The movement of the nuts is enabled by the leadscrews, which transform
rotary motion into linear motion. The rotation of the nuts is constrained by the leg structure
and a guiding rod. The leg structure aligns the orientation of the two nuts on each side of the
mechanism, while the rod constrains the orientation of the upper two nuts. The rotary motion
is generated by extrinsic electrical motors and is transmitted to the endoscope tip segment by
flexible shafts with an outer diameter of 1.4 mm and a length of 325 mm. These flexible shafts
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Translational workspace border
5 mm

9 mm
7.5 mm

Safe workspace border

Figure 7.6: The robot’s translational and rotational workspace: The rotational workspace range
is shown by the marked section of the circle at each corresponding position in the translational
workspace. The gray values of the circle sections encode the range of the feasible angle. The
gray value of the circle border encodes the total size of the feasible angle range at that position.
The filled green circles mark locations where the valid interval for ϕe consists of two disjoint intervals. The arrows indicate the maximal straight cut lines in the workspace: vertical, horizontal
and overall.

are constructed of steel wire (0.2 mm), wound into coils, alternately twisted in the right or left
direction. This construction provides torsional stiffness while maintaining bending flexibility.
The minimal bending radius of the flexible shafts is approximately 20 mm, and their dynamic
torque capacity in both directions of rotation is estimated to be 5 Ncm. Due to the manufacturing
technique, each flexible shaft has a hollow core (0.6 mm), which is used to mount it on the
leadscrew. The laser optics inside the prototype consist of a ferrule holding the laser fiber, which
guides the laser beam from the source to the miniature parallel robot. Shortly after the laser
beam exits the fiber, the laser is redirected towards the surface below by a small mirror mounted
on the robot’s distal endplate. The mirror consists of an aluminum cylinder with a reflective
surface tilted at 45◦ . The laser source is a diode laser producing 4.5 mW output at 532 nm for
visualization purposes.
The movement of the robot is actuated by four flexible shafts connected to Maxon RE
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Figure 7.7: The manufactured prototype of the parallel robot for laser positioning and stabilization: The housing of the device consists of two endplates (1) and a connection plate (2) made
of aluminum. A ferrule (SFLC127-10, Thorlabs Inc., Newton, NJ, United States) (3), which
holds the optical fiber (FG105LCA, Thorlabs Inc., Newton, NJ, United States) (4), is mounted
on the first endplate. The second endplate holds a small mirror (5), which redirects the laser (6)
towards the surface below the robot. The parallel robot is based on four drivetrains, each of
which consists of a leadscrew (7) with a standard M1.2 thread and a nut (8), which can travel
along the leadscrew as it rotates. The leadscrews are mounted on both endplates via ball bearings (SD 1425XZRY, MPS Microsystems, Biel-Bienne, Switzerland) (9). Each nut contains a
rotary joint (10), which holds one of the robot’s arms (11). The two arms on each side of the
robot are mounted on the corresponding leg (12) by means of rotational slide bearings. The legs
are constructed based on ejector pins with a diameter of 1 mm, which can be mounted in drill
holes on the ground plate. The distance to the ground is defined by an aluminum socket (13).
To constrain the rotation of the leg structure around the longitudinal axis of the robot, the upper
nuts are guided by a rod (14) mounted between the two endplates. The leadscrews are connected to flexible shafts (Schmid & Wezel GmbH, Sinsheim, Germany) (15), which transfer the
rotation from outside the endoscope to the endoscope tip. Since there is not sufficient space to
implement interlocking mechanisms such as keys or screws, each leadscrew is glued inside the
flexible shaft. A small aluminum coupling (16) houses the flexible shaft and prevents the glue
from entering the bearing.

25 mm DC motors using aluminum couplings. On the robot side, the flexible shafts are connected to leadscrews, which transform the rotary motion of the motors into linear movements of
the nuts and, thus, of the parallel robot’s joints. The system is controlled by TwinCAT 3 automa-
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Figure 7.8: Hardware and software framework: The developer computer runs TwinCAT 3 and
enables programming of the real-time CPU module (CX2020, Beckhoff Automation GmbH &
Co. KG, Verl, Germany). The CPU module controls the motor drives (MAXPOS 50/5, Maxon
Motor AG, Sachseln, Switzerland) via EtherCAT. The App Designer from MATLAB (R2018b,
MathWorks, MA, USA) has been used to implement a graphical user interface on the developer computer that enables high-level control via a device- and fieldbus- independent interface
(Automation Device Specification, ADS). On the right side of the figure, a photograph of the
setup is shown. The robot is mounted on a ground plate (1). The ground plate is divided into
two separate parts, which are connected by two pins. This design allows the distance between
the two plates (2) to be continuously varied while the two parts remain parallel, thus allowing
the mounting distance between the robot’s legs, dlr , to be adjusted. The flexible shafts (3) driving the robot are connected to four Maxon DC motors (263349, Maxon Motor AG, Sachseln,
Switzerland) (4), which are mounted on a tilted plate. A rubber tube (5), which represents the
endoscope shaft, constrains the flexible shafts to pass through a cylinder before reaching the
parallel robot. A diode laser (CPS532, Thorlabs Inc., Newton, NJ, United States) (6) is coupled
into a fiber (7) and guided to the robot, where a mirror deflects it towards the surface below the
robot.
tion software running on a real-time CPU module (Fig. 7.8). The motors are driven by positioning controllers. Using the Simulink Coder software suite (The MathWorks, Inc., Massachusetts,
USA), Simulink models can be compiled and integrated into the TwinCAT 3 environment. A
graphical user interface was implemented, which communicates with the CPU module and enables the user to define a reference path in the operational space to be followed by the parallel
robot.

7.5.2

Control

The cutting process will be based on pointwise ablation by a pulsed laser. Therefore, it is not
necessary to realize continuous accurate movement of the laser; it is merely necessary to ensure
that each ablation point along the desired cut can be reached with the desired accuracy. Each

111

7.6. Experiment

laser pulse is triggered only when the parallel robot has positioned the laser at the correct location, i.e., has reduced the error in the operational space, ∆xycontrol , below a specified threshold,
δxymax . The desired cut is specified as a path, which we define as a series of end-effector poses
with a defined order but without a time variable.
Based on the desired path in the operational space that is defined by the user, the corresponding sequence of joint positions is calculated using inverse kinematics. This joint position
sequence is sent to the real-time system, where the control scheme is executed in real time with
an update rate of 1 kHz. The control scheme consists of two subcontrollers: first, a path controller decides whether to advance along the path, and second, a proportional gain controller
sets the velocity for each motor based on the differences between the desired joint positions and
the actual joint positions (Fig. 7.9). This controller uses the sensor feedback from the motor
encoders that actuate the flexible shafts. The path controller consists of two different instances
that decide when the next point along the path will be set as the desired position: a parallel
structure supervisor and a checkpoint supervisor. The parallel structure supervisor has higher
priority, is implemented in the joint space, and ensures that advancement along the path is allowed only when the absolute error between the desired and actual joint positions is below a
certain threshold δρmax for all four joints:
|ρiact − ρides | < δρmax

∀i ∈ {1, 2, 3, 4} .

(7.21)

This supervision is necessary since the parallel robot is overactuated and the four prismatic
joints (the nuts on the leadscrews) must move synchronously to avoid introducing strain on the
robot. The checkpoint supervisor operates at a lower priority, is implemented in the operational
space, and permits the user to define checkpoints along the path at which the error between
the desired and actual positions in the operational space, ∆xycontrol , must satisfy a specified
threshold, δxymax , before advancement along the path is allowed:
q
∆xycontrol = (xedes − xeact )2 + (yedes − yeact )2
(7.22)
< δxymax .
The actual and desired positions in the operational space are calculated based on the measured
and desired joint positions using direct kinematics (Section 7.4.4). The direct kinematics is
calculated starting from both the left and the right anchor points and the mean value is used as
the calculated end-effector pose to reduce the influence of play, manufacturing inaccuracies, and
measurement errors.
This control scheme enables the mechanism to follow a path and reach certain checkpoints
on that path with the desired accuracy in operational space based on the encoder feedback of the
motors that rotate the flexible shafts.

7.6
7.6.1

Experiment
Accuracy Evaluation

To enable the execution of a continuous cut employing a pointwise laser ablation scheme with
a beam diameter of 0.5 mm, the robot must achieve a positioning accuracy below 0.25 mm in
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+

-

Figure 7.9: The control structure of the parallel robot: Path planning is performed offline, and
a sequence of desired joint positions Pdes is sent to the real-time control system. The path
controller decides whether the next joint positions in the path sequence are to be set as the
desired joint positions. This controller consists of a parallel structure supervisor, which ensures
that the joint errors remain below a defined threshold δρmax , and a checkpoint supervisor, which
allows a threshold δxymax on the position error in the operational space to be set in accordance
with (7.22). The resulting desired joint positions ρ
~des are compared against the actual joint
positions ρ
~act , and the proportional gain controller sends the corresponding velocity commands
~vm to the motor drives (MAXPOS 50/5). Based on the motor positions α
~ measured by the
encoders, the actual joint positions ρ
~act are calculated in accordance with the thread pitch of
the leadscrews. Safety limitations are imposed on the maximal velocity and torque values to
avoid hardware damage. For performance evaluation of the device, the visual tracking system
measures the actual position of the robot. The corresponding data are logged synchronously in
real-time and postprocessed offline.

the xy-plane. A path-following experiment was performed in which the robot was controlled
to move along a predefined path in the operational space. An external tracking system (Vicon
Motion Systems, Oxford, United Kingdom) was used to evaluate the accuracy of the prototype.
A subset of points along the path were selected for which the robot was controlled to reach
an error below a threshold of δxymax ≤ 0.01 mm for (7.22). For the performed experiment,
the threshold δρmax of the parallel structure supervisor was set to 0.1 mm and the gain for the
proportional controller was set to 20 / sec. These values were selected to establish a trade-off between limiting the duration of the path-following experiment and not impeding the performance
of the parallel robot.
The reference path that was followed in this experiment was designed based on the shape
of a subspace of the robot’s maximal reachable workspace that was defined to avoid working
at the limits of the theoretically possible workspace (Fig. 7.10). The limits on the minimal
and maximal joint positions were set to ρmin = 1.5 mm and ρmax = 12.5 mm, respectively.
The minimal and maximal distances from the leadscrews to the legs were limited to hl,rmin =
0.5 mm and hl,rmax = 2.5 mm. In addition, the workspace was limited to the subspace in which
the rotational workspace has a size of at least 6◦ to avoid the workspace boundaries. The distance
between adjacent points along the path in the xy-plane was set to 0.05 mm. Subsequently,
the corresponding feasible rotational workspace was calculated for each point on the path as
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Figure 7.10: The path-following experiment: The reference path is located in the safe workspace
and avoids the bi-orientation workspace (areas in which the rotational workspace consists of
two disjoint subspaces). On the left the orientation for checkpoints 6 to 12 and the orientation
workspace borders are shown. The checkpoints are visualized as circles, and some are labeled
in accordance with their order along the path.

described in Section 7.4.5. The angle ϕedes is not relevant to the laser cutting process since the
laser is rotationally symmetric. However, the resulting path for ϕedes must lie within the feasible
rotational workspace, and the transition from one point on the path to the next must be possible
with a continuous change in ϕedes . Thus, the angle was selected to lie in the middle of the
corresponding feasible range [ϕemin , ϕemax ]. In addition, a moving average filter was applied
to this path to smooth the resulting rotational reference path. The path started in the middle of
the workspace, at xe = 0 and ye = 0. Checkpoints were placed at all edge points of the path.
Further checkpoints were placed in between the path edge points (Fig. 7.10).
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Joint Position Measurement

The expected error on the calculated end-effector position based on the uncertainty of the joint
position measurement was estimated for the prototype, as described in Section 7.4.3 (equation (7.3)). We estimated the backlash due to axial play of the leadscrew-nut pair to approximately 0.01 mm. This estimate is based on measurements of axial movement of the leadscrew
using a dial gauge, while the nut was fixed. With a leadscrew pitch of p = 0.25 mm, a maximal
deformation of the flexible shafts of 20◦ , and the limited resolution of the motors with 500 counts
per revolution, we calculated Uρi = 0.02 mm. To calculate the corresponding position error of
the end effector, the end-effector pose error (equation (7.6)) was evaluated at each checkpoint
on the path. The resulting expected error of the measured end-effector position ∆xyest due to
the measurement uncertainty of the nut positions was calculated as follows:
p
∆xyest = ∆xe 2 + ∆ye 2 .
(7.23)

7.6.3

Visual Tracking

An external tracking system was used to evaluate the robot’s accuracy in the operational space.
Reflective markers mounted on the robot were tracked by a camera system consisting of six Vicon Vantage V5 cameras (Vicon Motion Systems, Oxford, United Kingdom) mounted on tripods
around the system setup. Reflective hemispherical markers were placed on the ground plate and
on the parallel robot (Fig. 7.11). The tracked positions of the markers were acquired by a dedicated workstation running the tracking software. The tracked marker positions were forwarded
to the real-time CPU module to synchronize the measured data. Since the robot moved with a
relatively slow velocity, the delay of the tracking system was not relevant. The accuracy of the
tracking system was assessed by analyzing the distances between the five stationary markers on
the ground plate, the positions of which were fixed relative to each other. Over all performed
measurements, the maximal deviation of a distance measurement from the corresponding mean
value was in the range of ±17 µm. Since our aim was to track the parallel robot in the submillimeter range, this measurement setup was considered sufficiently accurate.

7.6.4

Experimental Procedure and Data Processing

Before the experiment started, the robot was calibrated by manually rotating the motor shafts
such that the nuts reached the first endplate (Fig. 7.7). Then, the encoder values were calibrated
accordingly.
The robot was controlled to follow the reference path (Fig. 7.10) ten times in alternating
directions. For the reversed direction, the path was flipped around the y-axis. At the start of
each run, the tracked end-effector position was zeroed.
The real-time system logged the tracked marker positions as well as the path controller
information during the experiment in a synchronized manner for later evaluation. The data were
postprocessed in MATLAB R2018b. The distances between the desired and tracked positions in
the xy-plane in the operational space were calculated to evaluate the performance of the parallel
robot:
q
∆xytracked = (xedes − xetracked )2 + (yedes − yetracked )2 .
(7.24)
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Figure 7.11: Experimental setup: For the performed path-following experiment, the Nexus 2.8
software (Vicon Motion Systems, Oxford, United Kingdom) was run on a dedicated machine,
which communicated with the motion capture cameras (Vicon Vantage V5) (1) and sent the
tracking information to the real-time system via the User Data Protocol (UDP). Reflective hemispherical markers are mounted on the robot as well as on the ground plate. These markers are
used for optical tracking of the device for performance evaluation. An aluminum plate (2) is
mounted on top of the robot, which is used to host two markers (3 mm) (3) to enable tracking
of the end effector (~
pe ) and the orientation of the mobile platform (ϕe ). Two further markers are
mounted on the tops of the legs to track their movement during the experiment. Five hemispherical markers (4 mm) are placed on the ground plate to establish a reference coordinate frame
I (4).

As soon as the position error dropped below the threshold in accordance with (7.22), the advancement along the path was delayed for 2 seconds before the next checkpoint was set as the
target position by the controller to assess the influence of noise on the measurement. The mean
and maximal values of the tracked error over the static 2 seconds were calculated for each of the
N = 33 checkpoints, and the ten experiments. The mean value of the tracked error ∆xymean
allows to cancel out noise originating from the tracking system and the neglectable residual
movement of the robot for a static reference. The maximal value of the tracked error ∆xymax is
provided for completeness and to determine potential systematic errors of the tracking system.
The average expected accuracy of the miniature parallel robot in the considered workspace is
calculated as the grand average over all checkpoints and experimental runs (k = 1, 2, ...10 · N )
of the mean errors over the static 2 seconds at the checkpoints avgk (∆xymean,k ). The expected
worst-case accuracy in the considered workspace is calculated as the maximum of the mean
errors over the static 2 seconds at the checkpoints maxk (∆xymean,k ). To allow to state a guaranteed accuracy, also the maximum of the maximal errors is provided maxk (∆xymax,k ). The
mean travel speed of the robot along the path between the checkpoints vemean was calculated by
dividing the distance of the desired path by the time of travel for each path segment between two
checkpoints. The maximal value of the mean travel speed is calculated maxk (vemean,k ) to provide an estimate of the robot’s maximal mean travel speed that was validated with the performed
experiment.
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Results
Miniature Parallel Robot

The prototype of the miniature parallel robot was successfully manufactured and assembled. The
implemented closed-loop control is functional and allows to follow a predefined path with the
robot. The mobile platform of the device has a length of 17 mm, a height of 7.6 mm, and a width
of 7.5 mm. The robot is designed such that it is oriented parallel to the bone surface, and thus,
the required manipulation space above the target mainly depends on the height of the robot. The
manufactured robot holds an optical fiber and a tilted mirror that deflects the laser light towards
the surface below the robot. In the current design, the free space available for the laser optics
and additional components such as an irrigation device is approximately 3.5 × 2 × 14 mm3 . The
robot enables manipulation of the laser in three planar DoFs.
The developed concept for accurate prismatic actuation with small dimensions was successfully implemented. Furthermore, the joint position measurement principle based on the encoders
of the externally placed motors proved to be sufficient for the successful operation of the miniature robot. The actuation principle allows independent movement and position sensing of all
four prismatic actuators inside the miniature robot.

7.7.2

Workspace

The maximal reachable workspace of the manufactured miniature parallel robot has an area
of 34 mm2 . The maximal straight lines in the x- and y-directions have lengths of 5 mm and
7.5 mm, respectively. The longest straight line that can be placed in the workspace is 9 mm
(Fig. 7.6).

7.7.3

Performance Evaluation

The maximal expected uncertainty of the end-effector position, based on the modelled uncertainty of the nut position measurement, was calculated for each checkpoint along the path, as
described in Section 7.6.2. The resulting lower bound for the achievable positioning accuracy
was ∆xyest = 0.04 mm, which is below the target accuracy as required.
The miniature parallel robot was able to complete the path-following experiment presented in
Section 7.6.1, in which the robot was controlled to guide the laser along a predefined path. The
device followed the path with an average mean error of avgk (∆xymean,k ) ≤ 0.07 mm at the
checkpoints. The maximal measured mean error at the checkpoints was maxk (∆xymean,k ) ≤
0.17 mm. The overall maximal error at the checkpoints was maxk (∆xymax,k ) ≤ 0.176 mm
(Fig. 7.12). The robot moved with a maximal forward speed along the path between two checkpoints of maxk (vemean,k ) = 1.6 mm/ min.

7.8

Discussion

The design of the miniature parallel robot is tuned for minimally invasive interventions in confined and narrow spaces since the device is oriented parallel to the target surface. Therefore, the
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Figure 7.12: Results of the path-following experiment: The robot followed a preplanned path
ten times. In this figure, the path data from the clockwise run are flipped around the y-axis
such that the checkpoints coincide with the checkpoints of the counterclockwise run according
to their numbering. The black point clouds represent the tracked positions during the time when
the robot reached each checkpoint according to the criteria specified in the control scheme. The
circles represent the maximal measured deviations at the checkpoints.

required manipulation space above the target tissue mainly depends on the height of the miniature parallel robot. Additionally, the dimensions of the manufactured prototype are close to the
dimensions of standard tools used for knee arthroscopy, as the main body of the prototype has
a height of 7.6 mm. The robot’s design also allows integration of tools other than a laser and,
therefore, its application in various surgical procedures. Candidate applications might include
other orthopedic applications, such as cartilage repair or maxillofacial surgeries, or dental applications. The design and actuation principle of the parallel robot allows the motors to be placed
outside the device and does not require sensors inside the end effector. Therefore, the dimensions
of the parallel robot can be further reduced by miniaturizing the mechanical components, e.g.,
the leadscrew-nut pairs, the arms, and the leg structure. Further miniaturization of the device
will also reduce the required manipulation space and extend the area of application. However,
further miniaturization will, in turn, lead to additional or increased uncertainties, and the accuracy of such a miniaturized prototype would have to be reevaluated. For example, we expect the
use of flexible shafts with even smaller dimensions to increase the uncertainties in the motion
transmission. In addition, further miniaturization will require corresponding miniaturization of
the integrated surgical tools.
The workspace of the miniature parallel robot is limited and will scale down as the device
is further miniaturized. Therefore, it is essential that the device can be repositioned to allow the
generation of cutting geometries that exceed the workspace of the device. One possibility is to
reposition the miniature parallel robot using the robotic endoscope (i.e., the macro-system). If
the parallel robot can successively and independently reposition its two legs, the spatial relation
to the last attachment location, and therefore the previously performed cut, is not lost. Repositioning of the robot without losing the spatial relation to the previous location would reduce
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the required accuracy for visual guidance and registration. The topology of the robot and the
actuation principle already allow independent repositioning of the two legs. Furthermore, the
independent control of the four prismatic actuators allows moving the arm and leg structures
on both sides of the mechanism close to the mechanism’s moving platform. Thus, the required
incision size for the insertion and retraction of the miniature parallel robot can be minimized.
The experimental evaluation of the miniature parallel robot in a lab setting in free space
shows that the proposed robot enables accurate positioning of the laser optics along a predefined
path (Fig. 7.12). The measured deviations of the actual positions from the reference path at
a total of 33 selected checkpoints along the path were smaller or equal to 0.176 mm and, thus,
below the required accuracy of 0.25 mm for the generation of continuous laser cuts (Section 7.3).
The mean deviations were smaller than 0.07 mm and, thus, in the same order of magnitude as
the calculated lower bound for the achievable positioning accuracy (Section 7.7.3) based on the
modeled uncertainties (Section 7.6.2).
The sources of the errors that impair the accuracy of a parallel robot are manufacturing
errors, backlash, compliance, and active-joint errors [264]. The measured deviations along the
path indicate several of these errors. For instance, the somewhat sinusoidal movement along
the reference path indicates that at least one of the leadscrews is rotating in a slightly eccentric
manner. Possible causes could be the compliance of the leadscrew or an eccentric mounting
or manufacturing thereof, or the radial play between the leadscrew and the nut. This could be
improved by mechanically constraining the movement of the nut. Additionally, a comparison
of the deviations in the y-direction at checkpoints 12 to 16, in the lowest y-positions, with the
deviations at checkpoints 4 to 6 and 22 to 24, in the highest y-positions, reveals the influence of
backlash in the mechanism. The fact that the starting point of the path was always approached
from the negative y-direction and the tracked end-effector position was zeroed at the start of each
measurement may have introduced this offset in the y-direction due to such backlash. Based on
the experimental data we estimate this offset in y-direction to be approximately 0.06 mm. This
value is larger than the measured axial play of 0.01 mm of the leadscrew-nut pair. We assume,
that this value reflects also further backlash in the mechanism, for example the radial play of
the leadscrew-nut pair or the play between the parts of the arm and leg structure. Inserting this
value in (7.3) with (7.4) results in a lower bound of 0.125 mm, which corresponds roughly to
the maximally measured planar positioning errors. Errors due to backlash could be reduced by
improving the mechanical components, such as the leadscrew-nut pairs. We chose brass for this
prototype, since it was the only material for which a threaded rod was available in the required
size. The manufacturing of custom-made leadscrews would have been too costly for a single
prototype. However, because brass is a rather soft metal, the nut was continuously removing
material from the leadscrew while traveling along it, thus also gradually increasing the backlash.
Additionally, manufacturing errors could be taken into account through the calibration of the
device. Due to the sensor redundancy, autocalibration of the device could be implemented to
identify the parameters of the parallel robot, e.g., the arm length da . We assume that for the
current version of the prototype, the biggest contribution to the positioning error was caused
by the not optimal manufacturing of the leadscrew-nut pair. Therefore, we believe that the
performance of the presented robot can be further improved, leaving active-joint errors as the
typical limiting factor as mentioned in literature [265].
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The maximal forward speed of the parallel robot along the path was 1.6 mm/ min. This
relatively slow velocity was selected in order to avoid potential damage to the device in case
of unexpected mechanical failure of the mechanism or the motion transmission system and to
increase the tracking accuracy. Clearly, the velocity has to be increased for the application of
the device in a surgical setting. The maximal achievable speed is mainly limited by the maximal
feasible rotation speed of the flexible shaft, which in turn depends on many factors such as the
shaft coupling, bending radius, or the runout of the connected components, and the inertia of
the moving structure. Based on our experience with the prototype, we expect that a speed of
1 mm/ sec can be realized without significantly reducing the positioning accuracy.
This work focussed on the positioning accuracy of the miniature parallel robot, which lies
the foundation for the achievable cutting accuracy. After the integration of a high power laser for
bone cutting, further experiments can be carried out to evaluate the accuracy of a performed cut.
The tilting of the robot will influence the accuracy of the laser that impinges the bone surface.
Due to the topology of the parallel robot, we expect that the greatest influence will originate
from a tilting of the mobile platform around its lateral axis (pitch). Based on the experimental
data, we calculated that the tilting angle at the checkpoints is below 1◦ . When the laser optics
is placed at a distance of 3 mm from the bone surface, a tilting of the mobile platform of 1◦
will result in an additional cutting error below 0.053 mm. On the one hand, the tilting might be
increased when the mobile robot is in contact with the surrounding tissue. On the other hand,
we expect that the robotic endoscope that will deploy the miniature parallel robot will increase
the stability of the robot.
For the experiment presented herein, a rigid and robust attachment of the robot’s legs to the
ground was provided. Depending on the field of application, such an attachment can be realized,
for example, by using bone pins or braces on teeth. However, if such an attachment concept
is not possible or not desired due to its invasiveness, an alternative is needed. One possibility
would be to implement suction cups to attach the robot’s legs to the target tissue [266, 236]. The
drawback of using suction is that the available suction force decreases quadratically with the
diameter of the suction cup. Any instabilities in the attachment will have a negative influence on
the accuracy of the miniature parallel robot.
The performed tracking experiment showed that the measurement accuracy of the nut positions based on the motor encoder feedback is sufficient to control the device in the required
accuracy range. This indicates that the direct integration of feedback sensors in the end-effector
is not necessary for accurate positioning and facilitates further miniaturization of the device.
However, the application of the device in a real surgical scenario will result in additional factors
that might influence the measurement accuracy. Compared to the experimental setup presented
herein, contact forces with the surrounding tissue will act on the robot. These contact forces will
increase the needed torque that is transmitted by the flexible shafts and thus might also increase
the uncertainty in this transmission. In addition, a direct measurement of the nut positions will
allow compensating for backlash due to axial play of the leadscrew-nut pair.
We could show that the presented topology of the parallel robot can be scaled to a realistic size while reaching the accuracy requirement. The miniature parallel robot was successfully
manufactured and tested. We showed that accurate positioning of a surgical tool is possible without requiring a wide manipulation space above the target. To the best of our knowledge, there are
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only a few robotic manipulators developed that allow tool manipulation in narrow spaces, none
of which reported a positioning accuracy below 0.25 mm. The device has the potential to reduce the invasiveness of surgical procedures where bone needs to be cut. Therefore, the design,
dimensions, and achieved performance of the miniature parallel robot presented here make the
next steps towards the overall goal of minimally invasive robot-assisted laser osteotomy possible
while also potentially enabling new forms of minimally invasive surgeries.

7.9

Conclusion

In this article, we have presented a miniature parallel robot that enables the stabilization and
accurate guidance of a surgical tool, i.e., a laser, and requires only a minimal manipulation space
above the target surface to operate. In contrast to the vast majority of existing robotic devices for
minimally invasive interventions, the longitudinal axis of the miniature parallel robot is oriented
parallel to the target surface, which is beneficial for applications in confined and narrow spaces,
such as inside a joint. We developed an actuation and position sensing concept with small
dimensions that allows accurate positioning of the miniature robot. We have built a prototype
of the miniature parallel robot with a height of only 7.6 mm. We have also presented a control
scheme that allows the user to define the desired cutting path to be followed by the robot. The
results from the performed path-following experiment demonstrate that the parallel robot can
achieve a planar positioning accuracy with a maximal error of 0.176 mm. In addition to joint
arthroplasty, the miniature parallel robot presented in this paper might be used for numerous
other surgical applications that require high accuracy and robustness of tool manipulation in a
minimally invasive setting.
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7.10

Appendix: Minimally Invasive Robotic Surgery

Some existing robotic devices for minimally invasive surgery are listed in Table 7.1. The orientation, length, and diameter of the last rigid element are listed for each device. For continuum
robots, the bending radius of the distal element is specified as length. Furthermore, if reported,
the tip or tool positioning accuracy and velocity of the device and the test conditions are listed.
For the accuracy, the maximal errors reported are listed. Values in brackets are our estimate
based on the paper content, where no value was specified. A horizontal bar is listed if no appropriate estimate was possible. Velocity values in brackets indicate that tool positioning accuracy
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and velocity have been determined independent of each other.

7.11

Appendix:Kinematics

7.11.1

Direct Kinematics

The direct kinematic calculations based on the distance between the left anchor point and the
end-effector position yields




dlr
ρ3 + ρ4
ds
xe = −
sϕe ,
+ hl +
+ dex cϕe − dey −
2
2
2




(7.25)
ρ3 + ρ4
ds
ye = dey −
cϕe + hl +
+ dex sϕe .
2
2

7.11.2

Inverse Kinematics

To calculate the inverse kinematics, we rearrange the direct kinematic equations given in (7.10)
to obtain
ρ1 + ρ2
sϕe + b1 ,
2
ρ1 + ρ2
cϕe + b2 ,
ye = −hr sϕe −
2

xe = −hr cϕe +

(7.26)
(7.27)

where the values of b1 and b2 are
b1 =

ds
dlr
− dey sϕe − ( − dex )cϕe ,
2
2

b2 = dey cϕe − (

ds
− dex )sϕe .
2

(7.28)

Combining (7.26) and (7.27), we obtain
ρ1 + ρ2
= xe sϕe − ye cϕe − b1 sϕe + b2 cϕe ,
2
hr = −xe cϕe − ye sϕe + b1 cϕe + b2 sϕe .
We then combine (7.30) with (7.9), yielding
q
ρ2 − ρ1
±
= d2a − w12 ,
2
w12 = (−xe cϕe − ye sϕe + b1 cϕe + b2 sϕe )2 .

(7.29)
(7.30)

(7.31)

Using (7.31) and (7.9) we obtain equations for ρ1 and ρ2 . Applying the same procedure to the
equations given in (7.25) leads to results for ρ3 and ρ4 .
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Table 7.1: Miniature Robots for Minimally Invasive Robotic Surgery

Device

Orientation, Diameter, Length

Test Condition

Positioning Accuracy

Velocity

Device for fetoscopic interventions [211]

⊥, 2.45 mm, -

Test bench

> 3 mm, repeatability:
0.77 mm

-

Miniature bending manipulator
[210]

⊥, 3.5 mm , -

Test bench

Repeatability 0.2±0.1 mm

-

Robotic scanning probe [218]

⊥, 4 mm, 25 mm

Test bench

Repeatability 0.26 mm

(Scanning:
50 sec
30 mm2 )**

for

System for MIS of the throat
[208]

⊥, 4.2 mm, -

Test bench

Repeatability < ±0.8 mm

(> 90 ◦ / sec)**

Laser ablation end-effector for
neurosurgery [223]

⊥, 5 mm, (> 10 mm) ∗

-

-

-

Miniature scanner for confocal
microlaparaoscopy [220]

⊥, 5 mm, (> 12 mm)*

Ex vivo, open

(Closest distance to desired trajectory)*, 80 % of
samples < ±0.035 mm,
(max > 0.5 mm)*

(<
0.5 mm/ sec)*

Telerobotic
transurethral
[209]

⊥, 5 mm, -

Test bench

2.12 mm

-

Micro robot for positioning of
surgical tools [232]

⊥, 7 mm, 25 mm

-

-

-

Platform for manipulating endoscopic tools (miniature serial
manipulator) [267]

⊥, 8.5 mm , 21 mm

Test bench

-

Theoretical:
44 ◦ / sec

Device for imaging in MIS [226]

⊥, 8.5 mm, (22 mm)*

(Test bench)*

> 1 mm

(36 ◦ / sec)**

Endoscopic manipulator for laparoscopic surgery [234]

⊥, (10 mm)*, (> 10 mm)*

-

-

-

Laser ablation end-effector for
MIS [224]

⊥, 10 mm, 12 mm

-

-

-

Robotic
[268]

⊥, 10 mm, (> 20 mm)*

Test bench

> 1 mm

(50 ◦ / sec)**

MIS instrument for coronary
artery bypass grafting [269]

⊥, (10 mm)*, 24 mm

-

-

-

Miniature parallel robot (presented in this work)

k, diameter: < 11 mm, height: <
8 mm, 17 mm

Planar test bench

Mean: < 0.07 mm, max:
0.176 mm

1.6 mm/ min

Platform for manipulating endoscopic tools (hydraulic) [267]

⊥, 12 mm, 30 mm

-

-

-

Device for robotized optical
biopsies [221]

⊥, < 12 mm, (> 30 mm)*

Test bench

(Closest
distance
to
desired
trajectory)*,
mean: 0.0178 mm, max:
0.0506 mm

(0.5 mm/ sec)*

Platform for manipulating endoscopic tools [233]

⊥, 10 mm, -

(Test bench)*

(> 10 mm)*

(Position step response: 25 mm
in 0.1 sec)*

Articulated robot for MIS [107]

⊥, 12.5 mm, 35 mm

-

-

-

Laser scanner for endoscopic
microsurgery [222]

⊥, 13 mm, 60 mm

Test bench

Closest distance to desired
trajectory: 0.09 mm or
1.4 mrad

94 mm/ sec for
errors ≤ 1 mrad

Robotic probe for ultrasound
and endomicroscopy [219]

k, < 15 mm, (> 40 mm)*

-

-

0.7 mm/ sec

Platform for manipulating endoscopic tools (electrical) [267]

⊥, 15 mm, 50 mm

Test bench

-

5 mm/ sec

Parallel wire robot for epicardial
interventions [235, 261]

k, (< 20 mm)*, (> 100 mm)*

Planar test bench

1.8 mm

-

Tool manipulator for single port
endoscopic surgery [262]

⊥, 30 mm, (35 mm)*

Test bench

Precision < 0.15 mm

-

system
for
intervention

forceps

manipulator

(...)*: estimated based on paper content
(...)**: accuracy and velocity have been determined independent of each other

Chapter 8

Robotic Minimally Invasive Laser
Osteotomy: System Design and First
Evaluation of the Robotic Endoscope
Foreword and Overview
The manuscript in this chapter presented the integration of the miniature parallel robot (Chapter 7) into an overall robotic system for minimally invasive laser osteotomy. The focus was on
the overall system concept as a macro-milli-micro system and particularly on the design and
evaluation of the milli-system. The milli-system was realized as an articulated, tendon-driven
robotic endoscope with a hollow core housing a supply channel for the micro-system mounted at
the endoscope’s tip. The robotic endoscope had six discrete rotational joints that could be controlled individually. Due to the joints’ serial arrangement and the tendon-based actuation, the
distal joints were influenced by the proximal joints’ motion. The robotic endoscope and supply
channel’s design and actuation were described in detail, and their functionality and joint tracking
accuracy were evaluated on the test bench. The mutual influence of the robotic endoscope joints
could be successfully handled. A larger serial manipulator (macro-system) guided the milli- and
micro-system. The collaborative, time-synchronized functionality of the serial manipulator and
the robotic endoscope was demonstrated in an insertion-like motion on the test bench.

Abstract
We are developing a robotic system for future application in minimally invasive laser osteotomy.
This paper presents the mechanical system concept as a macro-milli-micro system and focuses
The manuscript presented in this chapter was submitted for publication with the title “Robotic System Design
and First Evaluation of the Robotic Endoscope for Future Application in Minimally Invasive Laser Osteotomy” to
IEEE Transactions on Medical Robotics and Bionics [7] in March 2021. The submitted supplementary text material
is added in Section 8.6.
Copyright and licensing information can be found in the Preface.
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on designing and evaluating the milli-system. The milli-system consists of an articulated tendondriven robotic endoscope with seven rigid links with an outer diameter of 8 mm connected by
six discrete rotational joints (±30◦ ). These joints can be controlled individually, however, controlling one joint’s motion influences all joints located more distally, making joint control an
interesting challenge. Controlling each joint as desired will allow positioning the micro-system
mounted at the endoscope’s tip. The micro-system is itself a robot that will accurately position
the laser. The robotic endoscope incorporates a hollow core with a diameter of 4.8 mm that
holds a supply channel for the micro-system with the necessary means for actuation and surgical
intervention. We demonstrated the functionality of the robotic endoscope in tracking experiments. Despite the joints’ mutual influence, the articulated robotic endoscope could be handled
successfully and achieved an angular settling error of less than 1◦ in the individual joints. The
overall robotic system’s functionality was successfully demonstrated with a time-synchronized
joint movement of the macro-system (serial manipulator) and the robotic endoscope.

8.1

Introduction

Laser osteotomy is a novel alternative for cutting hard tissue such as bone. Compared to conventional machining of bone using mills, drills, and saws, laser osteotomy has promising benefits
such as faster healing or increased freedom in the cutting geometry [28]. Manual control of a
laser for tissue ablation is difficult for surgeons to realize with high accuracy [192, 34]. Robotassisted systems have been proposed to help the surgeon accurately guide a laser for bone cutting
(e.g., the prototype system based on a CO2 slab laser, guided by an industrial robot developed
by Burgner et al. [193]). Since 2021, the first and so far only commercially available robotic
laser osteotome is CARLO R (Advanced Osteotomy Tools - AOT AG, Basel, Switzerland) [36].
The device is based on a large serial robotic arm that guides the laser. The laser source and optic
components are mounted on the end effector of this serial robot. With the approaches for robotic
laser osteotomy that exist today [193, 36], direct access (line of sight) to the bone is necessary.
Thus, the entire bone that has to be treated must be exposed in open surgery.
Less invasive approaches for cutting bone are desirable. Devices for less invasive interventions already exist for other laser applications, such as soft tissue ablation (e.g., for head and
neck surgery [203, 204]), or optical biopsies (e.g., confocal microlaparoscopy [220]). In these
devices, the laser is placed outside the patient and guided from its source to the surface that is
to be treated using a flexible optical fiber. This optical fiber is integrated into a flexible surgical
instrument, such as an endoscope. The flexible instrument can reach surgical sites inside the
body while adapting to the patient’s anatomy. Thus, the procedure can be performed through
smaller incisions, and damage to surrounding tissue can be minimized. The laser beam leaves
the optical fiber at the flexible instrument’s tip, i.e., the last segment of the flexible instrument.
In most cases, the laser beam is aligned parallel to the longitudinal axis of the last segment of
the flexible instrument.
To our best knowledge, no flexible instrument for minimally invasive bone-cutting applications existed. Also, even the existing flexible instruments for minimally invasive soft tissue treatment are not suitable for performing bone cuts in a minimally invasive procedure. One reason
being that these existing flexible instruments require a larger manipulation space above the target
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surface (usually over 23 mm based on their diameter or length and working distance [197]). This
amount of manipulation space is not available during minimally invasive procedures on bones
such as in joints (less than 8 mm based on our evaluation [5]).
To enable laser osteotomy also in confined spaces and facilitate a tissue-sparing treatment
option for minimally invasive laser osteotomy in general, we propose a new approach. For
delivering the laser light to the target tissue minimally invasive for bone cutting, we decided to
guide the optical fiber through a flexible endoscope with a laser positioning device integrated
into the endoscope’s tip that requires minimal manipulation space above the bone.
As a first benchmark application, we planned to realize bone incisions in the knee to facilitate unicondylar knee replacement. The so-called unicondylar knee arthroplasty (UKA) is
a treatment option for osteoarthritis. Osteoarthritis has a high socio-economic impact, causes
severe long-term pain, and is globally the most common cause for physical disability [52, 51].
UKA is a less invasive option for a knee replacement compared to total knee arthroplasty (TKA)
and can be chosen when only one knee compartment is affected by osteoarthritis. The advantages of UKA compared to TKA include reduced blood loss [71], lower infection rate [73], less
postoperative pain [74], faster recovery [71], better preservation of range-of-motion [75], better
function [76], and lower cost [77]. However, UKA is less resistant to component malalignment [241] as compared to TKA. Correct alignment of the implant components is crucial for
long-term survival of a unicondylar knee implant [80], since poor implant positioning may lead
to early implant wear [82], poor functional results [83], and a higher revision rate [84]. Our
device could help to improve UKA in different ways: Accuracy of placement and fixation of implants could be improved by the possibility of functional cutting geometries, such as a dovetail
guide. Also, the intervention would become less invasive due to the smaller opening required for
inserting the flexible device and the reduced collateral mechanical and thermal tissue damage of
laser bone cuts compared to bone-saw cuts [21].
Our final goal was to develop an approach for minimally invasive bone cutting using a robotic
endoscope. Focus was on the robotic challenges in realizing a minimally invasive laser osteotome. The work presented in this paper is in conjunction with previous work that presented a
miniature parallel robot for minimally invasive laser positioning [6]. Work on the challenges in
the field of laser physics are presented elsewhere (e.g., high power laser coupling efficiency into
optical fibers [270], or real-time tissue differentiation [271]).
This work focuses on the concept development and the first mechanical implementation of
a) an overall system designed to allow future minimally invasive insertion of an optical fiber, and
b) the system component that will be inserted into the patient’s body, i.e., a robotic endoscope
including a supply channel holding an optical fiber. The presented robotic endoscope has an
articulated tendon-driven structure based on rigid links connected by discrete, individually controllable rotational joints. Due to the serial structure and the tendon actuation, the distal joints
are influenced by the proximal joints’ motion. This mutual influence of the joints is a challenge,
and we are determining whether it is possible to control the robotic endoscope with sufficient
accuracy. We present working prototypes and a first evaluation of the robotic endoscope and
supply channel’s tracking accuracy, and test the overall robotic system’s basic functionality on a
test bench.
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8.2

Methods

We see the main challenge in developing robotic systems for minimally invasive surgery as an
interplay of the following requirements:
i) The device should have a large workspace to allow different mounting positions in the
operating room while still reaching all necessary surgical sites on the patient.
ii) The device should carry the surgical instrument’s weight and corresponding system peripheries such as motors and sensors.
iii) The interaction with the device should be safe and intuitive for the operating room personnel.
iv) The surgical instrument inserted into the patient’s body should be small in diameter and
dexterous to allow a minimally invasive insertion.
v) The inserted instrument’s diameter must be large enough to bring the required tools and
supplies to the intervention site.
vi) The surgical instrument must be sufficiently accurate to deploy the instrument tip at the
intervention site.
vii) The instrument tip should allow operation in narrow and confined spaces to minimize the
intervention’s invasiveness.
viii) The instrument tip must perform the desired procedure (i.e., positioning the laser).
ix) The positioning accuracy of the instrument tip should be in accordance with the surgical
intervention.
To fulfill these requirements with a robotic system for minimally invasive laser osteotomy
applied in UKA, our system consists of three subsystems in series; a macro- , a milli- , and a
micro-system, each fulfilling parts of the requirements (Fig. 8.1): The macro-system has a large
workspace, is able to carry high loads, e.g., peripheral components for actuation and control of
the milli- and micro-system, and is intuitive and safe to use. The milli-system has a smaller
diameter, is sufficiently dexterous for minimally invasive insertion, accurate enough to deploy
the instrument tip at the target location of intervention, and able to deliver the instrument tip
with the necessary supplies. The micro-system is mounted on the instrument tip and allows
positioning the laser with the accuracy required for cutting and has minimal manipulation space
requirements.

8.2.1

Micro-System – Miniature Parallel Robot

The micro-system needs to accurately guide the laser at the intervention site. Based on our
currently envisioned diameter of the laser focal point of 0.5 mm [33], we aimed to achieve a
positioning accuracy below 0.25 mm to enable the realization of continuous laser cuts based on
point-wise ablation.
The micro-system was realized with a miniature parallel robot integrated at the endoscope
tip. The laser light was guided through a fiber inside the robotic endoscope to the laser optics
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Figure 8.1: Concept of the overall robotic system for laser osteotomy as a macro-milli-micro
system: A serial robot (macro-system) is guiding a robotic endoscope (milli-system), which is
inserted into the patient’s knee. At the endoscope’s tip, the micro-system accurately positions
the surgical instrument, i.e., the laser. The peripherals of the milli- and micro-system that are
necessary for actuation and control are located in the actuation unit outside the patient. The
supply channel is housed inside the hollow core of the robotic endoscope and connects the
micro-system with its peripheral components. The requirements depicted with logos in the tiles
are explained in detail in the text with the corresponding roman index.
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inside the miniature parallel robot. These laser optics redirected the laser to cut the bone below
(Fig. 8.2). The miniature parallel robot was based on a 4-RRP parallel structure that enables to
move the laser optics in three planar degrees of freedom (DoFs) with high accuracy. The miniature parallel robot attached to the target surface with two legs to increase stability and accuracy.
Once attached, it had a workspace of approximately 34 mm2 [6]. The legs’ position relative
to the bone could be fixed based on a non-invasive concept, e.g., suction cups [3] or balloon
catheters. The topology of the miniature parallel robot allows for repositioning of the legs’ attachment on the bone and thus “walk” along the bone surface [3]. After the first evaluation with
an upscaled prototype [2], a miniature parallel robot prototype was built and showed sufficient
positioning accuracy with a mean error of 0.07 mm [6]. The dimensions of the prototype were
based on the manipulation volume that we expected to be available for a minimally invasive
intervention inside the knee joint based on our previously performed cadaver experiments [5].
Space-consuming components of the miniature parallel robot, i.e., the laser for ablation and the
motors and sensors for controlling the parallel robot, were placed externally. The mechanical
power and the laser were transmitted from the peripheral components to the miniature parallel
robot by means of flexible shafts and an optical fiber, respectively. The flexible shafts and the
optical fiber were guided through the supply channel inside the hollow core of the milli-system.
The concept includes a partial mechanical decoupling between the miniature parallel robot and
the robotic endoscope once the miniature robot is attached to the bone: The miniature robot
is detached from the endoscope and is connected to the actuation unit only through the supply
channel.

8.2.2

Milli-System – Robotic Endoscope and Supply Channel

The milli-system should deploy the miniature parallel robot (i.e., the micro-system) at the intervention site inside the patient’s body. A positioning accuracy of the milli-system of at least 5 mm
was required so that the targeted intervention site would lie within the range of operation of the
miniature parallel robot and could be reached accurately. The milli-system should have sufficient dexterity for reaching the bone-cutting locations for a standard UKA through a single skin
incision. Furthermore, the milli-system should house the supply channel, i.e., the connection
between the miniature parallel robot and its peripheral components.
The milli-system was realized as an articulated robotic endoscope with seven discrete links
(Fig. 8.3). We chose an articulated approach in contrast to the often used continuous structure
approaches (e.g., single or multi backbone approaches or concentric tube robots [108]) since
it is less challenging to achieve robust and accurate shape estimation with an articulated structure [272]: A structure of discrete links enables the shape of the endoscope to be accurately
determined by the known link lengths and joint angles. The geometry of the bony structures
in the knee are well known from medical imaging, which allows a task-specific design of the
required articulated endoscope structure. The joint lengths and joint axis arrangement of the
prototype were designed iteratively, by tuning the kinematic structure of the endoscope and visually verifying with a knee phantom, that the resulting robotic endoscope was reaching the
locations required for cutting bone in UKA.
To transmit necessary supplies to the miniature parallel robot, the robotic endoscope was
constructed with a hollow core. This provides space for the supply channel that houses the flexi-
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Figure 8.2: The robotic endoscope (milli-system) 1 is inserted into the knee joint. The cutting
laser is guided through the endoscope to the micro-system 2 by an optical fiber 3 . The laser
optics 4 redirect the laser beam 5 , which then exits the micro-system perpendicular to its
longitudinal axis towards the bone surface below the robot. The micro-system has two legs 6
whose positions are fixed relative to the bone surface. The micro-system consists of a parallel
mechanism 7 that allows to move the laser optics in two translational and one rotational degrees
of freedom.

Chapter 8. Robotic Minimally Invasive Laser Osteotomy: System Design and First Evaluation
130
of the Robotic Endoscope
Table 8.1: Denavit Hartenberg Parameters

Robotic
Endoscope

Supply
Channel

Joint (i)
1
2
3
4
5
6
7
8

θi [rad]
q1
q2
q3
q4
q5
π/2 + q6
0
q8

di [mm]
0
0
0
0
0
0
19.75+q7
0

ai [mm]
20
5
16.75
5
5
0
0
0

αi [rad]
0
−π/2
π/2
−π/2
π/2
π/2
0
0

ble shafts, which are needed to actuate the miniature parallel robot (micro-system), as well as the
optical fiber. The supply channel was rigidly connected to the miniature parallel robot, but could
rotate and translate inside the hollow core along the robotic endoscope. Therefore, by translating
and rotating the supply channel it was possible to translate and rotate (roll) the miniature parallel
robot in additional two DoFs, which are independent of the robotic endoscope’s movement and
joint configuration. This independent rotation and translation further increases the endoscope’s
dexterity and would have been challenging to instead implement by means of a corresponding
motion of the endoscope’s joints.
The rigid links were manufactured alternately of brass and aluminum. To maximize the diameter of the hollow core (4.8 mm) while minimizing the overall outer diameter (8 mm), i.e.,
allowing manufacturing a thin link wall (1.6 mm), we chose to implement hinge joints. These
hinge joints were fixed along the joint axes by small laser cut plates with a thickness of 0.3 mm
(custom parts, Waterjet AG, Aarwangen, Switzerland) manufactured out of bronze due to its
good tribological properties and high stiffness. The position of the plate was fixed by a small pin
and a screw (M0.7). The hinge joints allowed an angular deflection of ±30◦ . Each joint was controlled by two tendons (Tungsten strand with graphite coating to improve tribological properties,
 0.5 mm, Fort Wayne Metals, IN, USA), according to an agonist-antagonist arrangement.
The endoscope consisted of six hinge joints in series and the supply channel allowed to
move the miniature parallel robot in two additional degrees of freedom (Denavit Hartenberg
parameters in the classical convention [273] are provided in Table 8.1).

8.2.3

The Actuation Unit – Milli- and Micro-system Peripherals

The actuation unit should house all peripheral components for actuation and sensing necessary
for controlling the milli-system (robotic endoscope) and the micro-system (miniature parallel
robot).
The actuation unit consisted of various components which can be seen in Fig. 8.4. The
micro-system actuation module 2 was located in the center of the actuation unit and housed
the four motors that actuate the flexible shafts transmitting the motion from the actuation unit,
through the supply channel 1 to the miniature parallel robot. The proximal, rigid part of the
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Figure 8.3: The robotic endoscope consisted of seven rigid links that were connected by hinge
six joints 1 (q1 -q6 ). Two tendons were fixed on each rigid link by looping them back 2 and
adding an end stop (metal crimp) 3 . The tendons 4 were guided through the walls of the
rigid links. They entered and exited the links through corresponding holes 5 . Grooves 6
were added to the links to decrease the needed depth for drilling the small holes. The supply
channel 7 was guided through the hollow core of the robotic endoscope and provide necessary
supplies for actuation and intervention (i.e., flexible shafts and optical fiber 8 ) to the miniature
parallel robot (micro-system) 9 . The supply channel also allowed independent translation q7
and rotation q8 of the miniature parallel robot.
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supply channel was rigidly attached to this module, while the distal, flexible part of the supply
channel was rigidly connected to the miniature parallel robot (Fig. 8.4). The micro-system
actuation module and the supply channel could be rotated and translated with respect to the
remaining parts of the actuation unit by two supply channel actuation modules ( 3 and 4 ). The
supply channel transmitted this translation and rotation to the miniature parallel robot at the tip
of the robotic endoscope. The rotation is theoretically unlimited, but due to the wiring of the
motors mounted in the micro-system actuation module and the integrated optical fiber currently
limited to a range of motion of about ±50◦ . For this reason, also the translation movement is
currently limited to 10 mm. A detailed description of the technical realization of this module
and its actuation is provided in the supplementary material.

Figure 8.4: The actuation unit housed all peripherals of the milli- and micro- system and was the
anchorage of the supply channel 1 . The actuation unit consisted of the micro-system actuation
module 2 , the translational 3 and rotational 4 supply channel actuation modules, six joint
actuation modules 5 , the auxiliary housing 6 that allowed mounting the actuation unit to the
macro-system, and the tendon routing 7 . The supply channel originated near the end effector of
the macro-system and extended to the tip of the robotic endoscope. A technically more detailed
figure of the actuation unit is provided in the supplementary material.
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Figure 8.5: Tendon actuation module: The joint motion of the six endoscope joints q1 -q6 were
actuated by one tendon actuation module each.

The joint actuation modules consisted of a lead screw driven by a DC motor (Maxon Motor
AG, Sachseln, Switzerland) controlling the position of a linear slider along the motor axis. The
absolute slider position was acquired by a magnetic single-turn rotational encoder coupled to
the lead screw by means of a reduction drive. Each joint actuation module drove one joint of
the endoscope by actuating two tendons, both of which are fixed to the module’s linear slider.
The agonistic tendon (Fig. 8.5 in blue) directly exited the actuation module in the direction of
the endoscope, whereas the antagonistic tendon (red) was first guided into the opposite direction, where it was then rerouted towards the endoscope by a deviation pulley. This mechanism
allowed the agonist-antagonist motion required to drive the endoscope’s hinge joints to be implemented with a single lead screw and only a few mechanical parts. To provide compliance to
the tendons and hence to the endoscope joints, two linear springs were intercalated between the
tendons and the slider.
The auxiliary housing module was devised to accommodate all actuation modules and to
provide the necessary structural rigidity. The six tendon actuation modules and the two supply
channel actuation modules were mounted circularly around the central micro-system actuation
module. The modules were slid into the housing along linear rails and secured with a single
pin each achieving a high level of modularity and ease of maintenance. The housing further
supported cable management of all actuation modules and provided the mechanical interface to
the macro-system.
The auxiliary tendon routing module consisted of a pyramidal structure to which the endoscope is mechanically attached and through which all twelve tendons were guided from the
tendon actuation modules to the respective tendon entry holes at the first link (proximal end) of
the endoscope. Each endoscope hinge joint was driven by two tendons emerging from a single
tendon actuation module. The two tendon entry holes in the corresponding endoscope link were
located diametrically opposed to one another. Thus, a number of deviation pulleys needed to
be arranged to provide the twelve tendon paths from the tendon actuation modules to the endoscope. A block and tackle mechanism was integrated in the tendon routing module to transform
the large travel range of the tendon actuation sliders to the smaller travel range of the endoscope
hinge joints. This mechanism further allowed to split each tendon into two distinct parts, one
ranging from the tendon actuation module to the block and tackle mechanism, and one from the
mechanism to the endoscope joint, providing a way to dismount the endoscope and to tighten
the tendons.
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8.2.4

Macro-System – Serial Macro-Robot

The macro-system is needed for insertion and extraction movements of the robotic endoscope
and for positioning the actuation unit during operation. The macro-system should have a large
enough workspace to reliably realize the remote center of motion-type endoscope movements
([274, 275]), while carrying the actuation unit, robotic endoscope, and miniature parallel robot.
We considered the macro-system to require an accuracy in the order of millimeters to avoid
extensive tissue strain at the endoscope’s entry point. Despite the large payload, the macrosystem must be safe for physical human-robot interaction in the operating room. The macrosystem must be controllable in a time-synchronized manner with the robotic endoscope and
should provide intuitive interaction modes, such as telemanipulation or hand guidance.
Our current prototype was realized with a commercially available seven DoF serial robot,
KUKA LBR iiwa 14 R820 (KUKA AG, Augsburg, Germany). This robot would also be available in a medically certified version and provide the necessary interfaces to realize custom timesynchronized control, e.g., focusing on intuitive null-space behavior [276, 277] or extension of
the workspace with an additional linear DoF [278].

8.2.5

Communication and Control

The control of the entire system is based on a central overall control (high-level control), which
connects the various system components. This high-level control is realized in TwinCAT 3 R
running on an embedded computer CX2020 (both Beckhoff Automation GmbH Co. KG, Verl,
Germany). The high-level controllers for all system components were integrated in this central
control. The position and orientation of the system components measured with an optical tracking system were also fed into the high-level control directly (Fig. 8.6). Optical tracking of the
robotic endoscope and the actuation unit was realized with a motion tracking system (Miqus M5
cameras, Qualisys AB, Gothenburg, Sweden). A total of six cameras were installed around the
system and reflective markers were mounted on the system components to be tracked.
The high-level control communicated with the low-level control units of the individual system components, i.e., the KUKA controller (KUKA Sunrise Cabinet, KUKA AG), the motor
drives (MAXPOS 50/5, Maxon Motor AG), and the digital and analog inputs and outputs (Beckhoff Automation GmbH) for the additional peripheral components in the actuation pack (e.g.,
brake, absolute rotary encoder).
The high-level control contained the control for the robot’s motion. For the robotic endoscope, two main elements were included: state estimation and joint space controller. The state
estimation calculated the current joint configuration of the robotic endoscope based on feedback
from the optical tracking system and the endoscope kinematics. The feedback from the tracking system was necessary because the current prototype did not yet have integrated sensors for
measuring the endoscope joint angles. Thus, to estimate the robotic endoscope’s current joint
configuration, rigid tracking objects were placed on each endoscope link. Each rigid tracking
object consisted of at least four individual markers that were tracked and allowed measuring the
six DoF pose of the endoscope link on which it was mounted.
The joint space controller calculated the required change in tendon length based on the current and desired joint configuration of the robotic endoscope. From the required change in
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Figure 8.6: Control architecture and communication of the system components. The optical
tracking system was used for the joint position feedback of the robotic endoscope and experimental evaluation of the entire system and was directly integrated into the communication to
ensure the correct synchronisation of the data.

tendon length, the corresponding desired velocity signals for the motors were derived.
The rotation and translation movements of the supply channel were controlled with a Pcontroller. The current position of the supply channel was estimated using the sensor feedback
from the motor encoders.
The control of the KUKA serial robot was also integrated into the high-level controller with a
cascaded task space and joint space control scheme. The resulting joint position commands were
sent to the KUKA controller via the Fast Robot Interface (FRI). More detail on this control that
synchronizes commands to the serial robot with additional hardware was published in previous
work [278, 277].

8.2.6

Experimental Setup

To evaluate the system’s performance and demonstrate its functionality, we measured and evaluated the robotic endoscope and supply channel movement during joint space path following experiments. For this purpose, the endoscope joint movements and the supply channel movements
were measured and evaluated individually using the tracking system. During these experiments,
the actuation unit was in an approximately horizontal position. In particular, we investigated
the mutual influence of the endoscope joints’ motion. Also, we tested the overall system functionality in an insertion-like motion on the test bench involving the serial robot and the robotic
endoscope. In all experiments, the commanded and measured joint positions were recorded for
evaluation.
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Robotic Endoscope
We evaluated the endoscope joints (q1 to q6 in Table 8.1) individually in separate experiments.
During these experiments, the robotic endoscope’s longitudinal axis was approximately horizontal, and the axes of joint 3 and 5 approximately vertical. At the beginning of each experiment,
the endoscope was brought into the zero-configuration (straight). The rigid tracking object coordinate systems on each joint were rotated so that their axes were parallel. In each individual
tracking experiment, one endoscope joint was commanded to move from 0◦ to 30◦ , to −30◦ ,
and back to 0◦ . The other joints were commanded to remain at 0◦ . Settling times at the joint
positions 30◦ and −30◦ , were 2 min before continuing the movement.
The cable tensions for the joints proximal to the currently evaluated joint were increased to
allow each joint to be evaluated individually, i.e., without the proximal joints’ influence. The
increased tension prevents unwanted movement of the proximal joints. The distal joints needed
to move with the current joint in order to maintain the 0◦ joint position. Steps of 2.5◦ were
taken between the main steps of 30◦ . These intermediate steps were necessary due to the mutual
influence of the joint movements. In each of these intermediate steps, we waited until all joint
errors were below 1◦ , or 1 min had elapsed to allow observing long term effects. Also, we
conducted an experiment where all joints were simultaneously commanded to move from 0◦
to 5◦ , to −5◦ and back to 0◦ .

Supply Channel
We evaluated the translational and rotational motion of the supply channel (q7 and q8 in Table 8.1) and how this motion is transferred to the micro-system, i.e., the miniature parallel robot.
The supply channel’s current position and rotation were estimated based on the actuation unit’s
encoder feedback. This estimated position and rotation were used for control. For evaluation, the
position and rotation of the miniature parallel robot were measured using the tracking system.
For this purpose, we placed a rigid tracking object on the miniature parallel robot to measure
its position with respect to the last link of the robotic endoscope. A linear movement and a
rotational movement of the supply channel from 0 mm to 10 mm and from 0◦ to 100◦ , respectively, were commanded in succession. The supply channel was commanded to move to the
reference and back to the origin. When the estimated position or rotation reached the reference
position, we waited for 10 sec before moving back. The robotic endoscope was positioned in the
zero-configuration (straight) during these experiments.

Overall System
A joint path was specified for the robotic endoscope and the serial robot to qualitatively verify
the overall system’s functionality (Fig. 8.7). The movement resembled an insertion movement,
including bending of the endoscope’s last two joints during the last part of the motion in free
space.
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Figure 8.7: Experimental setup of the overall macro-milli-micro system. The rigid tracking
objects on the robotic endoscope were removed for this image.
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8.2.7

Experimental Evaluation

Robotic Endoscope
The desired and measured motions of the individually deflected endoscope joints and the corresponding distal joints were recorded. The deviation of the measured endoscope movement from
the commanded movement, i.e., the tracking error, was calculated and analyzed. The settling
error was calculated for each individual tracking experiment at 30◦ and −30◦ . The settling error was defined as the maximum tracking error from the reference value during 30 sec after the
joint followed the reference value for 90 sec. The robotic endoscope’s tip tracking errors were
calculated based on the measured joint tracking errors using the endoscope’s kinematics.

Supply Channel
The commanded, estimated, and tracked motions of the miniature parallel robot during translation and rotation of the supply channel were evaluated. The estimated position and rotation
represented the supply channel’s state inside the actuation unit (Fig. 8.4) as estimated by the
control system using the encoder feedback. The tracked motion referred to the resulting translation and rotation of the miniature parallel robot at the tip of the robotic endoscope measured
by the tracking system. The settling error between the commanded and tracked motions was
calculated as the maximal tracking error during a time period of 5 sec before the reference was
changed.

Overall System
The coordinated joint motion of the robotic endoscope and the serial robot was video recorded.
The deviation of the measured joint movement from the commanded movement, i.e., the tracking error, was calculated. The joint positions of the serial robot were provided by the KUKA
controller and the joint positions of the robotic endoscope were calculated based on the tracking
system feedback (as during the robotic endoscope tracking experiments).

8.3
8.3.1

Results
Robotic Endoscope

The individual joint tracking experiments for joints q2 -q6 were successfully performed and the
joints were able to follow the commanded steps (Fig. 8.8). Joint 1 was damaged during experiments and could not be evaluated. Joint 5 had the highest settling error (Fig. 8.8).
The collective movement of all endoscope joints to ±5◦ could be successfully performed
(Fig. 8.9a). The tracking errors seem to increase for more distal joints (Fig. 8.9b). The endoscope’s tip settling error were approximately 0.6 mm at 5◦ and 1.2 mm at −5◦ .
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8.3. Results

(a) Tracking experiment joint 6.

(b) Tracking experiment joint 5.

(c) Tracking experiment joint 4.

(d) Tracking experiment joint 3.

(e) Tracking experiment joint 2.

Figure 8.8: Endoscope joint tracking performance: joint positions (qi ) measured with the tracking system during the evaluation of one individual joint. More distal joints were commanded
to hold their position at 0◦ and were plotted to indicate their parasitic motion. More proximal
joints were not plotted since they were held at 0◦ with higher tendon pretension. The maximal
tracking error of the distal joints are indicated with a dashed line. The gray area indicates the
30 sec in which the settling error was calculated. The joint and tip settling errors are stated and
their location is indicated with a vertical dashed line.
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(a) Joint positions measured with the tracking system. The gray area indicates the 30 sec in which the settling error was calculated. The tip settling
errors are stated and their location is indicated with a vertical dashed line.

(b) On each box, the central mark, bottom and top edges indicate the median, the 25th , and 75th percentiles, respectively. The dashed lines extend
to the most extreme data points not considered outliers, and the outliers
are plotted individually with the + symbol.

Figure 8.9: Experiment when all joints were commanded to move to ±5◦ .

8.3.2

Supply Channel

The settling error of the translation when commanding a movement of the supply channel (q7 )
from 0 mm to 10 mm was 0.2 mm. Driving back resulted in a settling error of 1.1 mm. The
settling error of the rotation (q8 ) when commanding a rotation of from 0◦ to 100◦ was 10◦ , and
82◦ when driving back to 0◦ (Fig. 8.10).

8.3.3

Overall System

The insertion-like motion of the serial robot and the robotic endoscope on the test bench was
carried out successfully. The serial robot followed its intended position, while the robotic endoscope showed tracking errors comparable to the endoscope tracking experiments (Fig. 8.11). A
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Figure 8.10: Translation and rotation of the miniature parallel robot motion actuated by the
supply channel.
movie recording of the motion is available as supplementary material.

8.4

Discussion

The experimental evaluation of the robotic endoscope showed that the control of individual joints
with the herein presented mechanical design and control system was possible with a settling
error below 1◦ (Fig. 8.8) and a tip settling error of 0.5 mm. This meets in principle our current
requirements for the positioning accuracy of the robotic endoscope. In particular, the mutual
influence of the joints could be successfully handled and the feasibility of an articulated robot
endoscope control that allows reasonably accurate joint and tip control could be demonstrated.
However, the results also showed that the joint tracking errors during the endoscope’s motion
are bigger than the joint settling error (e.g., up to 7◦ for joints 5 and 6 in Fig. 8.8e). The tracking
errors also tended to increase as more joints were involved in the endoscope movement (Fig. 8.8).
In the experiment, where all joints were moved in a coordinated motion, the tracking errors were
larger than in the individual joint tracking experiments (Fig. 8.9a), and the most distal joint (joint
6) showed the largest tracking errors (Fig. 8.9b).
The joint tracking errors were mainly composed of the following error sources:
• Hysteresis in the elastic elements of the drive trains (i.e., springs and tendons). For example, if an endoscope joint overshot the desired joint position, the previously pulling
tendon’s linear spring had to be unloaded first and the linear spring of the newly pulling
tendon had to be loaded before the joint could move in the other direction (e.g., Fig. 8.9a
between 1.8 and 2.3 min).
• The dependence of the distal joints on the proximal joints resulted in settling delays for
the distal joints. For example, deflections of joint 5 caused disruptive movements in joint
6 since the deflection of joint 5 also affected the tendons that actuate joint 6 (Fig. 8.8b).
• The manual tensioning of tendons and the resulting non-repeatable and unevenly distributed stresses in the system.
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Figure 8.11: Synchronized control of the robotic endoscope and the serial robot during the
insertion-like motion on the test bench.
• The limited accuracy of the tracking system and the fabrication, assembly, and positioning
of the rigid body markers.
• Dependency on the reference input (in our case non-continuous input steps and step size).
The joint settling error demonstrated that it is possible to control the robotic endoscope with
a joint accuracy of approximately 1◦ . We interpret this settling error as a lower bound for the
achievable tracking performance. Based on the observed tracking errors of up to 7◦ , we believe
that there is room to improve tracking performance by means of control and modeling. We see
the modeling of the hysteresis as the most promising approach. In our experience, the friction
in each tendon drive train depends on the robotic endoscope’s current joint configuration and
the resulting stresses in the tendons and pressure on the hinge joints. Accordingly, we see it as
a challenge to model the hysteresis of the motion transmission from motor to joint and instead
suggest installing an additional sensor system to measure the linear springs’ deflection.
The implementation of the milli-system as an articulated tendon-driven robotic endoscope
seems promising but challenging in terms of actuation. The robotic endoscope’s tracking performance could be further improved if two motors were provided for each joint, i.e., one motor
for each tendon. This could enable controlling the joints even more accurately since the agonist
tendon could be controlled independently of the antagonist tendon. Also, using series elastic
actuation (SEA) for the tendon actuation would allow varying the stiffness of the individual
endoscope joints [112]. Variable stiffening of the endoscope joints could reduce inter-joint dependencies and improve the accuracy of the robotic endoscope. For example, using SEA, a
control strategy could be implemented in which the endoscope joints are stiffened successively
from proximal to distal when they have reached the desired joint position. Also, the tendons’
tensioning, currently done manually with the block and tackle mechanism, could be performed
with greater accuracy, repeatability, and automation. SEA would also open up the estimation of
torques in the endoscope joints. Known joint torques could be used to improve safety or pro-
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vide haptic feedback to the surgeon [112]. However, two motors per joint and the installation
of SEA elements would increase the actuation unit’s volume, price, weight, and might make the
handling of the device more difficult.
The observed tip positioning accuracy indicated by the joint settling errors of the presented
articulated tendon-driven robotic endoscope is comparable to other presented devices based on
a continuous structure [272]. Although the actuation of the robotic endoscope, with an articulated tendon-driven structure consisting of rigid links and discrete joints, seems more complex
than comparable devices with continuum mechanics, we see important conceptual advantages:
For example, state estimation, modeling, and control of the system can be realized with high
accuracy independent of the environment homogeneity and the robotic structure can be realized
in such a way that greater forces can be exerted on the environment without deformation of the
endoscope’s structure.
The robotic endoscope prototype was fragile due to the small structures made of relatively
soft metal (i.e., aluminum and brass). One of the hinge joints in the first endoscope joint was
damaged during the experiments. We assume that due to a slight tilt in the hinge joint, the
compressive forces on the joint, which arise from the tendons’ tension and are highest in the
first joint, led to a deformation of the thin hinge neck (width of 0.7 mm). Realizing the joints
with miniature ball bearings with integrated joint axes (e.g., the SD 1467XZRY by MPS Watch,
Bonfol, Switzerland) might be a more robust alternative that would also reduce the friction in
the joints.
The robotic endoscope presented was controlled based on optical tracking of the endoscope
links. For minimally invasive applications, another measurement method of the robotic endoscope links must be found as a direct line of sight will not be available. We consider accurate
estimation of joint angles based on tendon length to be unrealistic due to the unfavorable conversion of tendon length change to joint angle change, play in the tendon guidance, and elasticities
in the tendons. Also, direct measurement of the joint angles would be safer to measure the
instantaneous endoscope joint configuration. Possible joint angle tracking solutions would be
electromagnetic tracking (e.g., Aurora R , NDI, Waterloo, Canada) or the integration of dedicated miniature sensors. Electromagnetic tracking would be challenging due to the disturbances
caused by the robotic system, i.e., the serial KUKA robot, the actuation unit, and the robotic
endoscope. Dedicated miniature joint sensors are challenging to be built due to the small dimensions required. For the current endoscope design we estimate that a sensor with a diameter
below 3 mm with a thickness below 2 mm would be required to allow integration. A concept of
a joint sensor has been proposed [279] but the miniaturization still needs to be shown.
The translation of the miniature parallel robot by translating the supply channel inside the
actuation unit resulted in a settling error of 1.1 mm. Whereas the rotation of the miniature
parallel robot by rotating the supply channel inside the actuation unit resulted in a settling error
of 10◦ in one direction and failed in the other direction. The accuracy of the translation motion
would be sufficient provided that a sensor is included to measure the translation position of the
miniature parallel robot and allow correcting tracking errors via closed-loop control. We assume
that the rotation failure could be caused by a compression or twisting of the supply channel’s
flexible part, which consisted of the flexible shafts and the optical fiber.
The main limitation of the transmission of the supply channel’s movement from inside the
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actuation unit to the miniature parallel robot is the lack of a suitable element to transmit, in particular, the rotational movement through the flexible part of the supply channel inside the robotic
endoscope. Motion transmission in the flexible part of the supply channel could be improved
using a flexible tube with surface reinforcements inhibiting longitudinal compression and twisting of the tube around the longitudinal axis. However, such a tube would represent an additional
resistance for the bending movements of the robotic endoscope. The transmission of the supply
channel’s movement also needs to be verified in curved joint configurations of the endoscope.
The two additional degrees of freedom (q7 and q8 ) for placing the micro-system at the target
location independently of the endoscope’s joint configuration could be a great advantage. For
example, an intervention on opposite regions, e.g., in the joint gap, could be realized without
movement of the endoscope by rotating only the miniature robot. By developing a tube for
the flexible part of the supply channel and integrating sensors to measure the miniature parallel robot’s position and rotation, it should be possible to realize the motion transmission of the
supply channel successfully.
The overall system was successfully built and put into operation. The three system components, i.e., macro-, milli-, and micro-system could be integrated into a common central control
system. We successfully demonstrated that the macro-system and the milli-system could be
controlled together and perform an insertion-like motion in free air (Fig. 8.11).
Since minimally invasive UKA using laser osteotomy is a novel procedure, which also requires advances in other research fields, such as laser physics or surgical navigation, the requirements for the robotic system were developed iteratively and were based on initial assumptions
about a possible surgical workflow. Thus, the presented robotic endoscope’s kinematic structure
is based on these assumptions and visual verification using a knee phantom. To which extent the
current endoscope design will be able to mechanically perform the intervention in a human knee
has not yet been determined. However, since the final workflow for minimally invasive UKA
using laser osteotomy is primarily influenced by other system components and their limitations
(e.g., the cutting laser), we consider the design presented here to be good enough for technology
demonstration. Optimization of the endoscope structure does not appear to be target-oriented
before the final workflow is determined.
We have successfully demonstrated a first prototype of a robotic system based on the macromilli-micro approach. The system functions in principle and could allow the positioning and
supply of a miniature parallel robot for laser positioning in the context of minimally invasive
interventions in future. Compared to existing robotic devices for laser applications in medicine,
we show the first approach that aims at the minimally invasive cutting of bones and will allow
manipulating a laser instrument in the narrow manipulation space above bones. To the best of our
knowledge, a similar device has not yet been presented. In order to realize the minimally invasive
cutting of bones with the presented system, further development steps are necessary, such as
the integration of a high-power laser and the development of a motion planner that enables
the planning of the insertion motion of the macro- and milli-system into the patient. Before
experiments can be performed in a more realistic setting (i.e., minimally invasive insertion in a
phantom or cadaver) with the presented system, the milli- and micro-system components must be
more robustly manufactured, protected from contamination, and a joint measurement technique
that does not require direct line of sight must be implemented.
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Conclusion

We have introduced the mechanical part of a robotic system for future application in minimally
invasive laser osteotomy based on the macro-milli-micro approach. Compared to existing systems for laser osteotomy, our system was designed to allow minimally invasive insertion and
guidance of an optical fiber for bone cutting inside narrow cavities, such as inside the knee joint,
with minimal manipulation space requirements.
The presented tendon-driven, articulated robotic endoscope based on individually controllable discrete joints (milli-system) offers conceptual advantages over the commonly used continuum robotic endoscopes, such as accurate shape estimation independent of the environment
and use of well-established serial manipulator control strategies. We successfully demonstrated
the functionality and evaluated the tracking accuracy of the robotic endoscope and could show
that it is possible to control the individual joints with a settling error below 1◦ , despite the mutual
influence of the distal joints’ motion on the proximal joints. To achieve this tracking accuracy
generally and also with multi joint movements, it will be necessary to measure the hysteresis
in the elastic components of the drive train. Also, the integration of series elastic actuation and
two motors per joint (one motor per tendon) would open up promising new possibilities such as
automatic and repeatable tensioning of the tendons or the implementation of control strategies
in which the stiffness of individual joints is selectively adapted.
The robotic endoscope was implemented with a large hollow core (endoscope wall thickness
of 1.6 mm) that comprises a flexible supply channel for the micro-system or would allow passage
of other surgical tools. The translation of the micro-system actuated by the supply channel,
independent of the robotic endoscope, was successfully demonstrated, while the rotation still
needs improvement.
The robotic endoscope and the serial manipulator (macro-system) have completed a first
time-synchronized insertion-like motion on the test bench. With this work, we could demonstrate that the designed robotic mechanical system can be expected to be suitable for the overall
realistic system implementation for the envisioned minimally invasive laser osteotomy.
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8.6

Supplementary Material

In the following an additional technical visualization of the actuation unit (Fig. 8.12) as well as
a detailed description of the technical realization of the micro-system actuation module and its
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actuation are given.

8.6.1

Micro-system Actuation Module

The micro-system actuation module 2 was located in the center of the actuation unit and housed
the four motors that actuated the flexible shafts transmitting the motion from the actuation unit
through the supply channel 1 to the miniature parallel robot. The supply channel was rigidly
attached to this module.

8.6.2

Supply Channel Actuation Modules

The micro-system actuation module and the supply channel could be rotated and translated with
respect to the remaining parts of the actuation unit by the supply channel actuation modules
( 3 and 4 ). To better understand this mechanism of rotation and translation, its parts may be
divided into three groups, with all parts belonging to a certain group being rigidly connected to
each other (Fig. 8.13). Group I consisted of the micro-system actuation module (four motors
that drive the flexible shafts) and of the anchorage of the supply channel. Group II consisted of
structural parts forming a two-rail structure around group I. Group I could freely translate relative
to group II along two rails which are oriented along the longitudinal axis of the actuation unit,
while relative rotation is inhibited. Group III consisted of further structural elements forming a
cage around group II and group I. Group I and II could freely rotate relative to group III about
the longitudinal axis of the actuation unit. Group I could translate and rotate relative to group
III. The translational and rotational degrees of freedom (DoFs) provided by this mechanism
were independent of each other. They hence enabled the micro-system actuation module and the
supply channel to freely move along and rotate about the actuation unit’s longitudinal axis.
The supply channel actuation modules (Fig. 8.14) actuated this independent translation and
rotation of the micro-system actuation module and the supply channel with respect to the robotic
endoscope by controlling and actuating the rotation and translation mechanism.
Translation Module
The translation module consisted of a lead screw driven by a DC motor (Maxon Motor AG,
Sachseln, Switzerland), controlling the position of a linear slider along the motor axis. The
absolute slider position was acquired by an absolute magnetic single-turn rotational encoder
coupled to the lead screw by means of a reduction drive. The slider was connected to the microsystem actuation module (group I) by a pin and with this controls its translational DoF.
Rotation Module
The rotation module consisted of a DC motor which was directly coupled to a set of gears
embedded within the micro-system actuation module acting on group II to control its rotational
DoF. The absolute angle of rotation was acquired within the rotation module by the same encoder
and reduction drive arrangement as implemented in the translation module.

8.6. Supplementary Material
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Figure 8.12: The actuation unit housed all peripherals of the milli- and micro-system and was the
anchorage of the supply channel 1 . The actuation unit consisted of the micro-system actuation
module 2 , the translational 3 and rotational 4 supply channel actuation modules, six joint
actuation modules 5 , the auxiliary housing 6 that allowed mounting the actuation unit to the
macro-system, and the tendon routing 7 . The supply channel started near the end effector of
the macro-system and extended to the tip of the robotic endoscope.
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Figure 8.13: The translation and rotation of the micro-system actuation module and the supply
channel was enabled by a corresponding mechanical structure, built up of three groups of rigidly
connected elements. The connection to the corresponding actuation modules that enabled the
translation and rotation are marked in red.

Figure 8.14: Translation and rotation actuation modules: these actuation modules enabled the
rotation and translation of the micro-system actuation module and the supply channel with respect to the actuation unit (connections to the micro-system actuation module are indicated in
red). One motor was used for rotational and one motor was used for translational actuation of
the supply channel.

Chapter 9

General Discussion
This work aimed to develop a robotic device for minimally invasive laser positioning in bone
cutting, with a first application in unicondylar knee arthroplasty (UKA), and has accordingly
focused on four main research questions in minimally invasive surgical robotics (Section 1.4).
The first research question was to develop a concept that would allow the stabilization and
accurate positioning of a laser in a minimally invasive setting, i.e., in the narrow space above the
bone, such as inside the knee.
Unlike standard approaches for applications requiring high accuracy based on rigid and relatively large structures, I proposed a concept based on a bone-mounted parallel mechanism
mounted on a robotic endoscope’s tip (Chapter 2). In contrast to other proposed instruments for
minimally invasive laser surgery, the presented concept would allow accurate positioning of the
laser relative to the anatomy by an attachment to the bone with two legs that build the parallel
mechanism’s base. The laser is placed on the mobile platform of the parallel mechanism, oriented towards the bone below the mechanism, and can be accurately guided relative to the base.
The required thickness of the manipulation space above the bone is minimal, as the device’s
longitudinal axis is aligned parallel to the bone surface. The parallel mechanism had a 4-RRP
topology for movement in three planar degrees of freedom (DoFs) parallel to the bone surface. A
mirror would deflect the laser beam towards the bone and the laser optics would allow reaching
large cutting depths. Additional optical steering components such as Micro-Electro-Mechanical
Systems (MEMS) mirrors could allow additional angular deflection (pitch and yaw) of the laser
beam. Thus, positioning of the laser with 5 DoFs would be possible by combining instrument
steering through the parallel mechanism with additional optical steering using corresponding
optical components mounted on the parallel mechanism’s mobile platform. However, whether
the 3 DoFs of the parallel mechanism will be sufficient for minimally invasive manipulation at
the intervention site (e.g., inside the knee joint for UKA) depends on the final implementation of
the cutting laser, dimensions of the robotic instrument, surgical workflow, and the resulting environmental conditions and anatomical constraints. For example, the uneven bone surface might
require tilting the mechanism to adapt and avoid collisions. If additional DoFs for the parallel
mechanism would be required, a roll motion of the parallel mechanism’s mobile platform could
be achieved by implementing height-adjustable legs. A pitch motion could be realized with
ball joints at the attachment points and an additional actuation for tilting the mobile platform,
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e.g., inflatable cushions underneath the mechanism using soft, printable pneumatics [280, 281]
or hydraulics [282]. However, additional joints and corresponding actuation would increase
the challenge of miniaturization. The controlled movement of the parallel mechanism in the
3 planar DoFs was successfully demonstrated in an upscaled prototype (Chapter 3) and the
walking functionality was successfully demonstrated on this prototype (Chapter 4). However,
the walking was demonstrated qualitatively, and the repositioning accuracy was not determined.
During repositioning of each leg, the mechanism is attached to the bone only by the other leg.
Since attachment with only one leg allows rotation of the mechanism around this leg, additional
stabilization of the mechanism during repositioning is necessary. This additional stabilization
could be provided by the robotic endoscope, at the tip of which the mechanism is integrated. If
the repositioning can be performed with the parallel mechanism’s accuracy, no re-registration
would be necessary after repositioning. Depending on the duration of the registration between
the robotic instrument and the anatomy and the size of the bone cut, accurate repositioning could
significantly decrease the procedure’s duration and potential radiation exposure for the patient
and medical personnel due to intraoperative imaging. The realization of the mechanism’s repositioning using additional stabilization by the robotic endoscope would be possible within the
accuracy of the mechanism, according to my experience. If higher accuracy is required, registration to the previous cutting location could be implemented, for example, using volumetric
optical coherence tomography (OCT) images (e.g., as proposed for image-to-patient registration
in cochlear implantation [283, 284, 285]).
The presented concept showed promise in the conducted experiments with the upscaled
prototype. Still, miniaturization and re-examination were essential next steps to investigate
the concept’s feasibility. It was essential to determine and quantify the environmental conditions and anatomical constraints inside the knee joint to determine the device’s miniaturization
requirements.
Thus, the second research question was to determine a possible workflow for minimally invasive UKA using a robotic laser osteotome and the environmental conditions and anatomical
constraints inside the knee joints. Information on anatomic constraints and environmental conditions in the knee joint was scarce in the literature, especially for novel surgical procedures.
Thus, I have experimentally evaluated the forces (Chapter 5) and the available volume (Chapter 6) during minimally invasive manipulation of a surgical instrument inside the knee joint. Due
to the limited number of cadavers and the influence of embalming fluids on the structures and
properties of tissue in human cadavers, the results obtained have limited significance. Also, the
design of the experiments performed, which was based on initial assumptions about the planned
intervention, limits the general validity of the results. Nevertheless, the obtained results allowed
initial assumptions to be made about the magnitude of the forces and the available manipulation
volume to be expected during minimally invasive surgery inside the knee joint. This information
is highly relevant for requirement definition and thus for developing surgical devices for novel
minimally invasive procedures in the knee joint. Based on an analysis of the available manipulation volume, a possible workflow for minimally invasive UKA using laser osteotomy could be
proposed, and the resulting available manipulation space’s thickness above the bone (≤ 8 mm)
could be estimated. Essential insights were gained into which cutting locations are unlikely to
be accessible to a robotic device without prior tissue preparation. The proposed workflow was
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based on current assumptions on other system components’ limitations (e.g., the laser cutting
depth). Changes in these assumptions would also change the workflow and thus the feasible size
of the robotic instrument. Also, the instrument size analysis was based on cutting lines derived
from standard UKA implants. Novel types of UKA implants that would be developed to allow
minimally invasive implantation and take advantage of the possibilities offered by laser cutting
might change the cutting locations.
The experiments performed allow first assumptions on the robot’s requirements for UKA.
However, the successful development of the robot will be an iterative process that will require
repeated experimental trials in an anatomically realistic environment.
The third research question was about the miniaturization of the parallel mechanism and the
limitations that might arise. I have presented a miniaturized prototype of the parallel mechanism,
i.e., the miniature parallel robot (Chapter 7), which already contained optical components that
allowed the integration and fixation of a laser fiber and the deflection of a low-power laser
towards the surface below the device.
The height of the prototype (7.6 mm) was below the 8 mm considered feasible based on our
evaluation of the available manipulation space (Chapter 6). However, the prototype’s height is
close to the limit and does not yet include the additional space that might be needed for the
attachment of the legs on the bone. Also, it has also not yet been evaluated how the other
dimensions (7.5 mm width and 17 mm length), the movement of the miniature parallel robot
in-between the cutting locations, and the additionally required space for the robotic endoscope
will increase the necessary manipulation volume. A corresponding analysis could be carried
out with the 3-dimensional manipulation volume data obtained (Chapter 6). Further miniaturization of the parallel mechanism’s mechanical parts can be considered possible in principle,
but will be a challenge in production technology and correspondingly most likely costly for a
single prototype. Additional components such as the optical components for the high-power
laser, a protective enclosure for the mechanism, a more robust implementation of the precision
mechanics, and additional sensors will make miniaturization even more challenging.
The manufactured prototype was evaluated on the test bench with a rigid leg attachment and
achieved an average positioning accuracy of 0.07 mm with a maximum error of 0.176 mm. To
our knowledge, this is a benchmark performance compared to other published devices for minimally invasive applications with comparable dimensions and manipulation space requirements
whose accuracy evaluation has been published [6]. The goal to reach a positioning accuracy
of 0.25 mm in order to allow realizing a continuous laser cut based on point-wise ablation with
a laser focus point of 0.5 mm diameter was achieved. This accuracy could be reached without sensors placed directly inside the miniature parallel robot. Although sensors will require
additional space, they could increase the mechanism’s safety and further improve positioning
accuracy.
The stability of the mechanism’s leg attachment will directly influence the accuracy of the
miniature parallel robot. This attachment must be implemented in the miniaturized version and
evaluated accordingly to confirm the achieved accuracy. Although bone-cutting using a laser is
contact-less, bone is surrounded by tissue such as a joint capsule, muscles, or tendons. Thus,
in a minimally invasive procedure, the robotic device comes into contact with the surrounding
tissue. Accordingly, the robotic device and the attachment concept must withstand these con-
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tact forces to ensure stability and accuracy. Based on the anatomical experiments’ findings, a
promising approach could be to implement the legs’ attachment as a tensioning mechanism; the
mechanism’s legs would extend and clamp between the bone beneath and the tissue above the
mechanism. The attachment of the legs to the bone would mainly result from the clamping force
but could be reinforced by spikes or suction cups. Instead of a pneumatic telescope as in the
upscaled prototype (Chapter 4), the folding and unfolding could be implemented with medical
balloon catheters, printable pneumatics [280], or with a miniature folding mechanism, such as
used for miniature origami robots [286]. Custom-made medical balloons could be developed
in collaboration with Hoop Medical Limited (Wexford, Ireland) [287]. An alternative approach
would be to enclose the miniature parallel robot into a balloon inflated at the intervention site,
creating a cavity in which the parallel robot can move freely. The advantage would be that the
miniature parallel robot could move without tissue contact and would be protected from body
fluids and contamination. However, the realization of the interface between the laser optics on
the parallel mechanism and the ablation site on the bone surface would be a challenge.
The miniature parallel robot’s accuracy evaluation was carried out at a low forward speed
to protect the fragile prototype. The finally required forward speed depends mainly on the laser
ablation speed and the layer-by-layer ablation procedure. Suppose the laser has to be guided
repeatedly along the entire length of the cut to ablate layer-by-layer. In that case, the miniature
parallel robot should allow for fast forward speed and fast and accurate walking. Alternatively,
the robot could perform the cut section by section, i.e., locally cutting down to the cutting depth
by repeatedly moving along the cutting line section. Cutting section by section would certainly
be desirable, as it would minimize the robotic device’s movements inside the knee joint and thus
put less strain on the anatomical structures. The integration of optical scanning devices in the
miniature parallel robot could further increase the speed and accuracy of laser positioning while
decreasing the robotic device’s fast motions inside the knee joint.
The miniaturization of the parallel mechanism and the evaluation of the miniature prototype
have been carried out successfully. The achieved accuracy meets our requirements, and it can
be assumed that it can be increased further. However, it remains to be determined how much
space additional components such as high-power laser optics, an irrigation device, or additional
sensors will require and how this will affect miniaturization.
The fourth research question was about how the miniature parallel robot could be inserted
into the patient and deployed at the intervention site in a minimally invasive way. I have developed and presented a mechanical system design for robotic minimally invasive laser osteotomy
based on a macro-milli-micro approach (Chapter 8). These system components were combined
to an overall mechanical system and successfully put into operation. The serial manipulator
(macro-system) and the robotic endoscope (milli-system) have been evaluated. It could be shown
that the presented mechanical system would allow the placement of the miniature parallel robot
with the required accuracy. Whether the robotic endoscope’s current kinematic design will allow
the miniature robot’s placement at all intervention sites required for performing the minimally
invasive UKA using laser osteotomy through a single access port is to be determined. The
cutting locations depend heavily on the final implant design, cutting laser capabilities, and the
surgical workflow. The miniature robot (milli-system) was connected to the remaining system
components only through the flexible part of the supply channel, i.e., the flexible shafts and the
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optical fiber. This partial mechanical decoupling allows minimizing disturbances acting on the
miniature parallel robot during laser positioning. However, for insertion into the patient with
the robotic endoscope, a coupling will be required to firmly connect the miniature robot to the
robotic endoscope temporarily. Such coupling could be implemented using inflatable balloons
or a variable stiffness of the supply channel, for example, by implementing granular jamming in
the flexible part of the supply channel.
Before the mechanical system can be tested in a minimally invasive setting (e.g., a cadaver
study), more robust prototypes and a suitable protective cover for the miniature parallel robot
and the robotic endoscope are required. Also, modalities to register the device’s current position
with respect to the target anatomy and sensors to measure the joint configuration of the robotic
endoscope and the miniature parallel robot would be a prerequisite. Other critical technical
developments concerning a future clinical application are the device’s sterility and an interface
for intuitive control.
As already outlined above, the capabilities and limitations of other system components such
as the high-power laser or intraoperative registration and navigation have a major influence on
the requirements for the robotic system and the feasibility of minimally invasive UKA using
laser osteotomy.
The current system setup allows integrating an optical fiber guided from the laser source
through the supply channel to the miniature robot. A low-power laser was successfully integrated and redirected to the surface below the miniature robot by a small mirror. However, to
realize minimally invasive laser osteotomy for UKA a high-power bone-cutting laser will have
to be integrated into the current system setup. Integrating a high-power laser would require additional optical components inside the miniature robot, e.g., lenses to focus the laser beam after
it exits the optical fiber and a mirror that is not damaged by the high-power laser beam. Other
components such as irrigation are also necessary for a successful cutting process and need to
be guided through the supply channel and integrated into the miniature parallel robot. The final
laser optics components’ space requirements will influence the miniature parallel robot’s final
shape and dimensions. The laser’s capabilities and limitations (e.g., cutting depth, cutting speed,
and minimum bending radius of the laser fiber) define to a large extent the final requirements
of the robotic device and the possible workflow of the bone processing for minimally invasive
UKA.
The duration of bone preparation using laser osteotomy in UKA in comparison to the conventional procedure will be one of the main criteria influencing weather the procedure is feasible
and accepted by surgeons. The procedure’s duration will be influenced by the laser cutting speed,
the surgical instrument’s movement speed, and the duration of set up and registration of the entire device in the operating room. Accordingly, maximizing the speed of the cutting process
should be given high priority. Simultaneously, it should be avoided that the robotic device has to
move back and forth too fast and too often, as this could lead to unnecessary risks and irritations
in the narrow, minimally invasive environment.
Another essential criterion for the novel procedure’s feasibility and acceptance could be the
amount and invasiveness of additional intraoperative imaging required, mainly depending on the
registration and navigation method.
A further important factor for the success of the device is the planning of the intervention.
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The modalities for planning the surgery should be comprehensive so that the surgeon can include all factors relevant to the surgical outcome. For example, the resulting knee kinematics
and the soft-tissue balance must be predictable for planning implant positions and cutting lines.
Compared to conventional procedures, intraoperative adjustments of the planned cutting lines
are more challenging in a minimally invasive procedure with a robotic laser osteotome. Implementing intraoperative changes would probably significantly increase the intervention duration
and sometimes even require a different implant or fixation method. For example, if the implant
position is fixed on the bone by a dovetail guide, it would probably not be possible to adjust the
implant’s position without destroying the guide.
After successfully processing the bone, removing the resected bone fragments and placing
the implants through the minimally invasive insertion could become the next major challenges.
Within this work, I contributed to answering essential questions related to the realization of
a robotic device for minimally invasive laser osteotomy in UKA. Based on the defined requirements, the achieved results suggest that a robotic device could fulfill the requirements we have
set and would not be the limiting factor for realizing minimally invasive UKA. However, it has
been found that the development of a robotic device for minimally invasive laser osteotomy is
an iterative process, as the requirements for the robotic device are highly dependent on the limitations and capabilities of other system components such as the cutting laser. In this context,
further challenges and important research questions were identified in the course of this work.
Whether a robotic laser osteotome for minimally invasive surgery in UKA can ultimately be
implemented currently depends mainly on the realization of the cutting laser and the resulting
limitations.
The research questions investigated in this work allowed the development of a general concept for minimally invasive bone cutting and the implementation of a miniaturized prototype
for future application in minimally invasive UKA. An alternative approach would have been to
directly develop a robotic system specifically for UKA. Due to the challenging requirements of a
minimally invasive procedure in the limited space available above the bone, this approach could
have resulted in a mechanical system that is less complex (e.g., less mechanical system components and degrees of freedom) and already closer to a final product. However, uncertainty about
the other system components’ eventual limitations would also have been present. The chosen
approach enabled developing a more general concept that is likely to find a broader application
and enable minimally invasive laser osteotomy outside UKA. Furthermore, since the approach
chosen in this work is based on instrument steering rather than fiber steering or optical steering,
the developed device’s application is not limited to laser positioning. The device could also
be used to accurately position other instruments, such as a high-speed drill, to deploy drugs or
cells, or to directly print substances or implants onto tissue in a minimally invasive setting. In
this context, applications in tooth preparation, maxillofacial surgeries, or cartilage defect repair
are conceivable.

Chapter 10

General Conclusion
This work has contributed to answering questions in the field of surgical robotics concerning
the development of a minimally invasive laser osteotome with a first application in unicondylar
knee arthroplasty (UKA).
A concept was presented for accurate positioning of a laser in a minimally invasive procedure
with minimal manipulation space requirements. The system consisted of a serial manipulator
(macro-system) for large-scale manipulation in the operating room, an articulated robotic endoscope (milli-system) for minimally invasive insertion, and a miniature parallel robot (microsystem) for accurate laser positioning at the intervention site inside the patient’s body. The
miniature parallel robot reached the required positioning accuracy of 0.25 mm on the test bench
(average error of 0.07 mm, maximal error of 0.176 mm). The developed concept is not limited
to the application in UKA but could allow minimally invasive bone-cutting in other areas.
For an initial application in UKA, the developed concept was realized based on assumptions
about the other system components’ capabilities and requirements derived from cadaver experiments. The experimental evaluation of the mechanical system components showed that the
specified requirements could be met. Although the mechanical system components have only
been evaluated individually and in a simplified setting, the obtained results suggest that the proposed concept and prototypes developed are promising and that the robotic system is currently
not the limiting factor for the realization of minimally invasive UKA using laser osteotomy.
The final feasibility and acceptance of the presented robotic system for minimally invasive
UKA depends largely on the limitations and capabilities of other system components, such as the
cutting laser or the modalities for registration and planning. These constraints and capabilities
may also change the robotic device’s initially defined requirements, possibly resulting in novel
challenges for the robotic device. The successful development of a robotic device for minimally
invasive UKA is an iterative process in which new insights into the limitations and capabilities
of the individual system components influence the other system components’ requirements. Accordingly, the system presented here is to be understood as a first iteration that requires revision
according to the other system components’ limitations.
The chosen research questions and the resulting concept allow the developed device to be
potentially used in other minimally invasive bone-cutting surgeries and even for the accurate and
minimally invasive positioning of surgical tools other than a laser.
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Chapter 11

Outlook
This work has made several contributions to the realization of minimally invasive bone cutting
using laser. The robotic system developed in this work is promising but far from complete or
ready for medical use.
The implementation of the system components not yet shown in the miniaturized version,
such as the leg attachment or de coupling between the miniature parallel robot and the robotic
endoscope, would be an important next step.
Another research topic would be the planning for the placement of the miniature parallel
robot, for example, during walking. The parallel mechanism’s operating range can be modified
by varying the robot’s geometrical parameters (e.g., the distance between the legs’ attachment
points, the mechanism’s arm length, or the laser’s position on the mobile platform). Consequently, it is possible to optimize the parallel mechanism’s operating range for the cut to be
performed. While some parameters (e.g., the mechanism’s arm length or the laser’s position on
the mobile platform) are given after manufacturing, the leg’s attachment position can be varied.
Accordingly, a fast optimization algorithm that calculates the parallel mechanism’s optimal leg
placement considering surgical planning, anatomical constraints, geometrical properties of the
robot, and performance measures could be beneficial.
To further improve the overall robotic system’s design, it would be essential to determine
the limitations of the cutting laser (such as cutting depth, layer-by-layer ablation procedure, and
cutting speed) and derive a corresponding workflow for minimally invasive unicondylar knee
arthroplasty (UKA). Based on this workflow and the 3-dimensional data sets of the manipulation volume determined in this work, the robotic system’s requirements could be defined more
precisely. The definition of a feasible workflow based on the limitations of the cutting laser
would be a prerequisite for a second iteration of the robotic system. Research should also be
conducted to determine how to minimize the time required for laser cutting of bone. If laser
osteotomy were to take significantly longer than conventional procedures, the benefits of laser
cutting would likely not justify the additional costs and risks of a prolonged surgical intervention.
Also, a comprehensive re-evaluation of the mechanical system in a minimally invasive setting would be an important next step. In that context, the implementation of modalities to register
the robotic device to the anatomy as well as sensors for minimally invasive navigation without
direct line of sight would be a first hurdle.
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In the context of the overall project (Minimally Invasive Robot-Assisted Computer-guided
LaserosteotomE (MIRACLE)), the integration of the high-power laser into the miniature parallel
robot would be an essential next step. For this purpose, a high-power transmitting optical fiber
must be installed that is flexible enough to withstand the robotic endoscope’s bending without
defects. Also, appropriate laser optics and irrigation must be installed in the miniature robot.
Depending on the laser optics’ design, the miniature robot’s geometry might have to be adapted
so that the laser can be optimally placed.
In addition to the application for minimally invasive cutting of bones using a laser, it is
planned to equip the miniature robot with a drill head in the next step. For applications in
dentistry, for example, an integrated milling tool could enable accurate tooth preparation. In
such an application, the forces acting on the mechanism would be higher. However, there would
also be more space available for the mechanism’s dimensions, and a rigid attachment would be
possible.
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