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Abstract—We are developing a robotic system for future appli-
cation in minimally invasive laser osteotomy. This paper presents
the mechanical system concept as a macro-milli-micro system and
focuses on designing and evaluating the milli-system. The milli-
system consists of an articulated tendon-driven robotic endoscope
with seven rigid links with an outer diameter of 8 mm con-
nected 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 posi-
tion 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 func-
tionality was successfully demonstrated with a time-synchronized
joint movement of the macro-system (serial manipulator) and the
robotic endoscope.

Index Terms—Articulated endoscope, tendon-driven robot,
actuation unit, minimally invasive surgery, unicondylar knee
arthroplasty.

I. INTRODUCTION

ASER osteotomy is a novel alternative for cutting hard
tissue such as bone. Compared to conventional machin-
ing of bone using mills, drills, and saws, laser osteotomy has
promising benefits such as faster healing or increased free-
dom in the cutting geometry [1]. To enable accurate and,
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in particular, deep bone cuts, the laser must be moved sev-
eral times in submillimeter steps along the cutting path. Thus,
manual control of a laser osteotome is difficult for surgeons
to realize with the required accuracy [2], [3]. Robot-assisted
systems have been proposed to help the surgeon accurately
guide a laser for bone cutting (e.g., the prototype system
based on a CO;, slab laser, guided by an industrial robot
developed by Burgner et al. [4]). Since 2021, the first and
so far only commercially available robotic laser osteotome
is CARLO (Advanced Osteotomy Tools - AOT AG, Basel,
Switzerland) [5]. The device is based on a large serial robotic
arm that guides the laser. The laser source and optic compo-
nents are mounted on the end effector of this serial robot.
With the approaches for robotic laser osteotomy that exist
today [4], [5], direct access (line of sight) to the bone is nec-
essary. Thus, the entire bone that has to be treated must be
exposed in open surgery.

Accordingly, 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 [6], [7]), or optical biopsies (e.g.,
confocal microlaparoscopy [8]). 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 paral-
lel to the longitudinal axis of the last segment of the flexible
instrument.

To our best knowledge, no flexible instrument for min-
imally invasive bone-cutting applications existed. Also,
even the existing flexible instruments for minimally inva-
sive soft tissue treatment are not suitable for performing
bone cuts in a minimally invasive procedure. One rea-
son being that these existing flexible instruments require
a larger manipulation space above the target surface (usu-
ally over 23mm based on their diameter or length and
working distance [9]). This amount of manipulation space
is not available during minimally invasive procedures on
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bones such as in joints (maximally 8 mm based on our
evaluation [10]).

To enable laser osteotomy also in confined spaces and to
facilitate a tissue-sparing treatment option for minimally inva-
sive laser osteotomy in general, we propose a new approach.
For delivering the laser light to the target tissue minimally
invasively 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 replace-
ment. The so-called unicondlyar 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 dis-
ability [11], [12]. 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 [13], lower infection rate [14], less
postoperative pain [15], faster recovery [13], better preserva-
tion of range-of-motion [16], better function [17], and lower
cost [18]. However, UKA is less resistant to component
malalignment [19] as compared to TKA. Correct alignment
of the implant components is crucial for long-term survival
of a unicondylar knee implant [20], since poor implant posi-
tioning may lead to early implant wear [21], poor functional
results [22], and a higher revision rate [23]. 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 inva-
sive due to the smaller opening required for inserting the
flexible device and the reduced collateral mechanical and ther-
mal tissue damage of laser bone cuts compared to bone-saw
cuts [24].

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. Work on the challenges in the field of laser
physics are presented elsewhere (e.g., high power laser cou-
pling efficiency into optical fibers [25], [26], or real-time tissue
differentiation [27]).

In previous work, we presented and evaluated a miniature
parallel robot that can accurately position a laser at the inter-
vention site [28]. This laser positioning device is designed to
require minimal manipulation space above the bone and can
be operated in confined spaces such as inside a joint. We have
also investigated cadaveric knee joints to quantify the available
manipulation space for robotic instruments during a minimally
invasive UKA procedure [10]. However, we did not yet show
how this laser positioning device and the supplies required
for intervention (e.g., the laser fiber) can be inserted into the
patient and deployed at the intervention site in a minimally
invasive manner.

Thus, this work focuses on the concept development and
the first mechanical implementation of a) an overall system

overview designed to allow future minimally invasive inser-
tion of a laser positioning device supplied with 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 endo-
scope 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 deter-
mining 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.

II. 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 dif-
ferent 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.

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 interven-
tion site.

vi) The surgical instrument must be sufficiently accurate to

deploy the instrument tip at the intervention site.

The instrument tip should allow operation in narrow

and confined spaces to minimize the intervention’s

invasiveness.

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.

Realizing a robotic system that allows for minimally inva-

sive insertion of a small end-effector with high tip accuracy

in a large workspace is a challenge. Applying the macro-
milli-micro approach allows to decouple these demanding

requirements by designing different subsystems in series: a

macro-, a milli-, and a micro-system, each fulfilling parts

of the requirements (Fig. 1): The macro-system has a large
workspace, is able to carry high loads, e.g., peripheral compo-
nents 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 inser-
tion, 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

iif)

Vii)

viii)
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Fig. 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 instru-
ment, 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.

the instrument tip and allows positioning the laser with the
accuracy required for cutting and has minimal manipulation
space requirements. The specific requirements for the individ-
ual subsystems deduced for our first application (UKA) are
listed in the following sections (Sections II-A-II-D).

A. 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 [29], 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 inside the miniature parallel robot. These laser
optics redirected the laser to cut the bone below (Fig. 2).

623
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Fig. 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 @ The laser optics (4) redirect the laser
beam @, which then exits the micro-system perpendicular to its longitudinal
axis towards the bone surface below the robot. The micro-system has two
legs @ 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.

The miniature parallel robot was based on a 4-RRP paral-
lel 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 mm? [28]. The legs’
position relative to the bone could be fixed based on a non-
invasive concept, e.g., suction cups [30] or balloon catheters.
The topology of the miniature parallel robot allows for repo-
sitioning of the legs’ attachment on the bone and thus “walk”
along the bone surface [30]. After the first evaluation with an
upscaled prototype [31], a miniature parallel robot prototype
was built and showed sufficient positioning accuracy with a
mean error of 0.07 mm [28]. 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 exper-
iments [10]. 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 exter-
nally. 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.
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g7 > 0 decouple
g7 = 0 coupled

Fig. 3. The robotic endoscope consisted of seven rigid links (Ip—/¢) that were
connected by six hinge joints (I) (g1-gg). Two tendons were fixed on each
rigid link by looping them back (2) and adding an end stop (metal crimp) @
The tendons @ were guided through the walls of the rigid links. They entered
and exited the links through corresponding holes @ Grooves @ 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 endo-
scope and provided the necessary supplies for actuation and intervention (i.e.,
flexible shafts and optical fiber ) to the miniature parallel robot (micro-
system) @ The supply channel also allowed independent translation g7 and
rotation gg of the miniature parallel robot. The last link /g of the prototype
is longer than required by the presented micro-system (and shown in Fig. 1
and 2) because the device was also used for prior experiments involving larger
micro-system prototypes.

B. 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 par-
allel robot and could be reached accurately. The milli-system
should have a diameter of maximally 8 mm to allow min-
imally invasive insertion into the knee joint (based on our
evaluation [10]). Also, 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 com-
ponents. The supply channel needs to provide space for four
flexible shafts (¢1.4 mm each) and a laser fiber (¢1 mm) for
the current prototype.

The milli-system was realized as an articulated robotic
endoscope with seven discrete links (Fig. 3). We chose an
articulated approach in contrast to the often used contin-
uous structure approaches (e.g., single or multi backbone
approaches or concentric tube robots [32]) since it is less
challenging to achieve robust and accurate shape estimation
with an articulated structure [33]: A structure of discrete
links enables the shape of the endoscope to be accurately

determined by the known link lengths and joint angles, even
when surrounding tissue is exerting contact forces on the
endoscope. Thus, in the knee, where the environment is inho-
mogeneous, and a lot of contact with surrounding tissue is to
be expected due to the narrow space conditions, articulated
robots have conceptual advantages. Furthermore, we consid-
ered an articulated structure more suitable to realize small
bending radii, which was considered necessary due to the nar-
row space conditions inside the knee. The joint lengths and
joint axis arrangement of the prototype were designed itera-
tively, by tuning the kinematic structure of the endoscope and
visually verifying with a knee phantom (VirtaMed ArthroS
Knee, VirtaMed AG, Schlieren, Switzerland) that the result-
ing robotic endoscope was reaching the locations required for
cutting bone in UKA. This approach does not guarantee that
the resulting endoscope is suitable for performing UKA on a
human knee with a single incision. However, we have taken
this empirical approach for an initial prototype because there
are still uncertainties regarding the workflow of the procedure.
The design allowed us to obtain an endoscope with a realistic
level of complexity, which is a first step in developing the sur-
gical workflow and further optimize the kinematic endoscope
structure.

To transmit necessary supplies to the miniature parallel
robot, the robotic endoscope was constructed with a hol-
low core. This provides space for the supply channel that
houses the flexible shafts, which are needed to actuate the
miniature parallel robot (micro-system), as well as the opti-
cal 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 indepen-
dent rotation and translation further increases the endoscope’s
dexterity, which would have been challenging to implement
by means of a corresponding motion of the endoscope’s joints
instead. The concept also allows a partial mechanical decou-
pling between the micro-system and the robotic endoscope
once the micro-system is attached to the bone. The coupling
can be realized by pulling back the micro-system via translat-
ing the supply channel (g7 = 0, Fig. 3) to create a form-fit
between the miniature parallel robot and the endoscope. The
decoupling is realized by pushing the miniature parallel robot
away from the endoscope, releasing the form-fit (g7 > 0). In
that state, the micro-system is only coupled to the milli-system
by the flexible supply channel.

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 prop-
erties and high stiffness. The position of the plate was fixed
by a small pin and a screw (M0.7). The hinge joints allowed
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TABLE I
DENAVIT HARTENBERG PARAMETERS

Joint (i) 0i|rad] d;lmm]  a;jmm]  a;[rad)
1 q 0 20 0
2 q2 0 5 —7/2
Robotic 3 a3 0 16.75 /2
Endoscope 4 qa 0 5 —m/2
5 as 0 5 /2
6 /24 g6 0 0 /2
Supply 7 0 19.75+q7 0 0
Channel 8 qs 0 0 0

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
presented endoscope did not include integrated joint sensors,
nor was space considered for adding such sensors. Instead, the
joint angles were measured using an external tracking system
(see Section II-E). We estimated that a rotation sensor with a
diameter below 3mm and a thickness below 2 mm would be
required and we could not find a corresponding sensor. We
consider the development and integration of such a sensor as
a research topic by itself. Potential options are discussed in
Section IV.

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 param-
eters in the classical convention [34] are provided in Table I
and the joints g1 — gg are visualized in Fig. 3).

C. 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. 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
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. 4). The micro-system actu-
ation 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 descrip-
tion of the technical realization of this module and its actuation
is provided in the supplementary material.
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Fig. 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 mod-
ules @, the auxiliary housing @ that allowed mounting the actuation unit
to the macro-system, and the tendon routing @ The supply channel origi-
nated 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
(including the tendon routing) is provided in the supplementary material.
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Fig. 5. Tendon actuation module: The joint motion of the six endoscope

joints g1-q¢ 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. 5 in blue) directly exited the actuation module in
the direction of the endoscope, whereas the antagonistic ten-
don (red) was first guided into the opposite direction, where it
was then rerouted towards the endoscope by a deviation pul-
ley. This mechanism allowed the agonist-antagonist motion
required to drive the endoscope’s hinge joints to be imple-
mented with a single lead screw and only a few mechanical
parts. To provide compliance to the tendons and hence to the
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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 sup-
ply 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 sin-
gle pin each achieving a high level of modularity and ease
of maintenance. The housing further supported cable manage-
ment of all actuation modules and provided the mechanical
interface to the macro-system.

The auxiliary tendon routing module consisted of a pyra-
midal structure to which the endoscope was 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 emerg-
ing 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 devia-
tion 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 rout-
ing 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.

D. 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. It needs to carry the load of
the actuation unit, robotic endoscope, and miniature parallel
robot. It should have a large enough workspace to allow flex-
ibility in placing the surgical system in the space-constrained
operating room and to reliably realize the remote center of
motion-type endoscope movements [35], [36]. Also, a large
workspace might be required in procedures where distant sur-
gical sites on the patient need to be treated during the same
intervention (e.g., bone harvesting [37]). We considered the
macro-system to require an accuracy in the order of millime-
ters to avoid extensive tissue strain at the endoscope’s entry
point. In addition, despite the large payload, the macro-system
must be safe for physical human-robot interaction in the oper-
ating room and should provide interaction modes, such as
telemanipulation or hand guidance to facilitate intuitive han-
dling and reduce set-up time. Also, the macro-system must be
controllable in a time-synchronized manner with the robotic
endoscope.

Our current prototype was realized with a commercially
available seven DoF serial robot, KUKA LBR iiwa 14 R820
(KUKA AG, Augsburg, Germany). This robot is certified
with a repeatability of +0.15mm [38] and would also be

available in a medically certified version. Furthermore, it
provides the necessary interfaces to realize safe custom time-
synchronized control between the subsystems. It also allows
safe human-robot interaction with speed limits and external
torque detection. Furthermore, it is possible to extend the
robot’s workspace with an additional linear DoF [39]. Finally,
the redundancy of the robot allows implementing intuitive
null-space behavior [40], [41] that can help surgeons plan the
surgery in the constrained space in the operating room.

E. 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
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. 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 actu-
ation 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 endo-
scope’s 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 configu-
ration of the robotic endoscope. From the required change in
tendon length, the corresponding desired velocity signals for
the motors were derived.

The rotation and translation movements of the supply chan-
nel were controlled with a P-controller. 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
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robotic endoscope and experimental evaluation of the entire system and was directly integrated into the communication to ensure the correct synchronization

of the data.

joint space control scheme. The resulting joint position com-
mands 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 [39], [41].

F. Experimental Setup

To evaluate the system’s performance and demonstrate its
functionality, we measured and evaluated the robotic endo-
scope 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 endo-
scope. In all experiments, the commanded and measured joint
positions were recorded for evaluation.

1) Robotic Endoscope: We evaluated the endoscope joints
(q1 to g¢ in Table I) individually in separate experiments.
During these experiments, the robotic endoscope’s longitudi-
nal axis was approximately horizontal, and the axes of joint 3
and 5 approximately vertical. At the beginning of each exper-
iment, 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 com-
manded 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 cur-
rently evaluated joint were increased to allow each joint to be
evaluated individually, i.e., without the proximal joints’ influ-
ence. The increased tension prevented 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 con-
ducted an experiment, where all joints were simultaneously
commanded to move from 0° to 5°, to —5° and back to 0°.

2) Supply Channel: We evaluated the translational and
rotational motion of the supply channel (g7 and gg in Table I)
and how this motion is transferred to the micro-system, i.e.,
the miniature parallel robot. The supply channel’s current posi-
tion 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 chan-
nel from Omm to 10 mm and from 0° to 100°, respectively,
were commanded in succession. The supply channel was com-
manded to move to the reference and back to the origin. When
the estimated position or rotation reached the reference posi-
tion, we waited for 10sec before moving back. The robotic
endoscope was positioned in the zero-configuration (straight)
during these experiments.

3) Overall System: A joint path was specified for the
robotic endoscope and the serial robot to qualitatively ver-
ify the overall system’s functionality (Fig. 7). The movement
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Fig. 7.
rigid tracking objects on the robotic endoscope were removed for this image.

Experimental setup of the overall macro-milli-micro system. The

resembled an insertion movement, including bending of the
endoscope’s last two joints (g5 and ge¢) during the last part of
the motion in free space.

G. Experimental Evaluation

1) Robotic Endoscope: The desired and measured motions
of the individually deflected endoscope joints and the cor-
responding distal joints were recorded. The deviation of
the measured endoscope movement from the commanded
movement, i.e., the tracking error, was calculated and ana-
lyzed. 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 90sec. The robotic endoscope’s tip tracking errors were
calculated based on the measured joint tracking errors using
the endoscope’s kinematics.

2) Supply Channel: The commanded, estimated, and
tracked motions of the miniature parallel robot during trans-
lation and rotation of the supply channel were evaluated. The
estimated position and rotation represented the supply chan-
nel’s state inside the actuation unit (Fig. 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 5sec before
the reference was changed.

3) 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 com-
manded 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).

ITI. RESULTS
A. Robotic Endoscope

The individual joint tracking experiments for joints g»2-ge
were successfully performed and the joints were able to follow
the commanded steps (Fig. 8). Joint 1 was damaged during
experiments and could not be evaluated. Joint 5 had the highest
settling error (Fig. 8).

The collective movement of all endoscope joints to +5°
could be successfully performed (Fig. 9(a)). The tracking
errors seem to increase for more distal joints (Fig. 9(b)). The
endoscope’s tip settling error were approximately 0.6 mm at
5° and 1.2mm at —5°.

B. Supply Channel

The settling error of the translation when command-
ing a movement of the supply channel (g7) from Omm
to 10 mm was 0.2 mm. Driving back resulted in a settling error
of 1.1 mm. The settling error of the rotation (¢g) when com-
manding a rotation of from 0° to 100° was 10°, and 82° when
driving back to 0° (Fig. 10).

C. 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 settling errors comparable to the endo-
scope tracking experiments (Fig. 11). A movie recording of
the motion is available as supplementary material.

IV. 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 possi-
ble with a settling error below 1° (Fig. 8) and a tip settling
error of 0.5 mm. This meets in principle our current require-
ments for the positioning accuracy of the robotic endoscope.
In particular, the mutual influence of the joints could be suc-
cessfully handled and the feasibility of an articulated robotic
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(e)). The tracking errors also tended
to increase as more joints were involved in the endoscope
movement (Fig. 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. 9(a)),
and the most distal joint (joint 6) showed the largest tracking
errors (Fig. 9(b)).

The joint tracking errors were mainly composed of the
following error sources:
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« 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.,
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Endoscope joint tracking performance: Joint positions (g;) 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 joint tracking error of the distal joints and the maximal endoscope tip tracking error are
indicated with a horizontal 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.

Fig. 9(a) 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 exam-
ple, 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(b)).

« The manual tensioning of tendons and the resulting non-
repeatable and unevenly distributed stresses in the system.

markers.

continuous input steps and step size).

o The limited accuracy of the tracking system and the
fabrication, assembly, and positioning of the rigid body

o Dependency on the reference input (in our case non-

The joint settling error demonstrated that it is possible to

control the robotic endoscope with a joint accuracy of approx-

imately 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
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Fig. 9. Experiment when all joints were commanded to move to +5°.
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Fig. 10. Translation and rotation of the miniature parallel robot motion
actuated by the supply channel.

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 chal-
lenging 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 serial elastic actuation (SEA)
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Fig. 11. Synchronized control of the robotic endoscope and the serial robot
during the insertion-like motion on the test bench. Top: The solid lines indicate
the serial robot joint positions [¢1 kuka (proximal joint, robot base)—q7 kuka
(distal joint, robot flange)] and the robotic endoscope joint positions [g5 —gg].
The colored dashed lines indicate the commanded endoscope joint positions.
Bottom: The solid lines indicate tracking errors of robotic endoscope joints.

for the tendon actuation would allow varying the stiffness of
the individual endoscope joints [42]. 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-
vide haptic feedback to the surgeon [42]. 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 [33]. Although the actuation of
the robotic endoscope, with an articulated tendon-driven struc-
ture 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 homogene-
ity. Also, the robotic structure can be realized in such a way
that greater forces can be exerted on the environment with-
out deformation of the endoscope’s structure. However, the
segment-based design of the endoscope contains many indi-
vidual parts, and we, therefore, expect that the manufacturing
and cleaning of our robotic joint endoscope could become
challenging.

The robotic endoscope presented was controlled based on
optical tracking of the endoscope links. For minimally inva-
sive applications, another measurement method of the robotic
endoscope links must be found as a direct line of sight will not
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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 mea-
sure the instantaneous endoscope joint configuration. Possible
joint angle tracking solutions would be electromagnetic track-
ing (e.g., Aurora, 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 chal-
lenging 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 sen-
sor has been proposed [43] but the miniaturization still needs
to be shown. The above mentioned conceptual advantages in
state estimation, modeling, and control highly depend on the
successful estimation of joint angles.

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 0.7mm). 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 translation of the miniature parallel robot by translat-
ing 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 actua-
tion 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 con-
trol. 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 chan-
nel’s movement from inside the 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. Thus, we plan to manufac-
ture the supply channel similar to flexible shafts, i.e., based
on wire wound into coils twisted alternately in clock-wise
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and counterclock-wise direction. Such a design offers tor-
sional stiffness while maintaining bending flexibility. Based on
our experience with rotary transmissions for the actuation of
micro-systems, we consider this concept promising. However,
the correct dimensioning of the supply channel and the hollow
core of the endoscope requires further iterations of the proto-
type to continue to allow undisturbed bending of the robotic
endoscope. The two additional degrees of freedom (g7 and gg)
for placing the micro-system at the target location indepen-
dently 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 chan-
nel 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. 11).
Selecting the macro-milli-micro approach reduces the require-
ments on the individual subsystems. However, the interaction
and synchronization of the individual subsystems add a cer-
tain degree of additional complexity. Depending on the further
development of the surgical workflow, it is conceivable that
individual system components can be simplified again in a
subsequent iteration of system development based on specific
surgeon requirements. For example, manual insertion of the
micro-system using a flexible endoscope could be considered.

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 compo-
nents 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 macro-milli-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 manip-
ulating a laser instrument in the narrow manipulation space
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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. To show the presented system’s
clinical feasibility, experiments need to be performed in a
more realistic setting (i.e., minimally invasive insertion in a
phantom or cadaver). However, the milli- and micro-system
components must be more robustly manufactured and pro-
tected from contamination to allow such experiments. Also,
a joint measurement technique that does not require a direct
line of sight must be implemented to control the endoscope
motion accurately.

V. 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 exist-
ing 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
was based on individually controllable discrete joints (milli-
system). With appropriate sensing, this approach preserves the
conceptual advantages of accurate shape estimation indepen-
dent of the environment and the 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 con-
trol the individual joints with a settling error below 1°, despite
the mutual influence of the distal joints’ motion on the prox-
imal joints. To achieve this tracking accuracy generally and
also with multi joint movements, it will be necessary to mea-
sure 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 hol-
low core (core diameter of 4.8 mm and an endoscope wall
thickness of 1.6 mm) that comprises a flexible supply chan-
nel 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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