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Abstract
Robotic Minimally Invasive Surgery is one of the surgical fields in which robotics is most ex-
tended. Minimally Invasive Surgery is used in fetal surgery for the correction of TTTS, among
others pathologies. This technique has great complexity and long learning curves. To improve
this surgery a robot-assisted TTTS surgery-oriented teleoperation platform was developed by
the robotic division of the CREB-UPC.

This work integrates in this teleoperation system a set of improvements at a high-level control
oriented to improve dexterity, safety and agility of the setup. This improvements are all imple-
mented using a hierarchical based multi-task control. The control improvements are based on
redundant and collaborative robots. This work studies the way to exploit the robot kinematic
redundancy to increase the dexterity and reachability of the current teleoperation platform and
optimize its space occupancy. Moreover, this work also studies collaborative strategies in the
surgical workspace, to increase safety in human-robot interactions and optimize the platform
preoperative set-up. The outcomes of this work will be integrated in the actual robotic teleop-
erated platform by replacing the current slave robot for a redundant and collaborative robot.
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1 Introduction
Robotic-assisted surgery takes advantage of robotic systems to allow surgeons to perform com-
plex procedures with more precision and control than conventional surgery, improving patient
safety and surgery outcomes. The most extended use of robotics in surgery is in the fields of
orthopedics, neurology, medical imaging and minimally invasive surgery (MIS). Robotic Mini-
mally Invasive Surgery (RMIS) is performed through small incisions as opposed to conventional
open surgery. The main advantages of minimally invasive surgery, compared to open surgery,
are the reduction of blood loss, quicker recovery after the surgery, smaller scars and fewer post-
operatory complications [1]-[4]. However, MIS has also some drawbacks deriving from the
laparoscopic tools and the indirect vision: loss of dexterity, reduction from 7 DoF (humanwrist
in open surgery) to 4DoF, dissociation of visual perception from themanipulation, lack of tactile
feedback, etc. RMIS eliminates the main disadvantages of MIS with technical features: Hand
tremor filtering, motion scaling, enhance of visual perception, optimized ergonomics, virtual
fixtures, etc.

Among the different applications of MIS, fetal surgery or intrauterine surgery allows a mini-
mally invasive approach to the treatment of congenital defects or gestation complications in the
fetus, placenta or umbilical cord. This surgical technique is a novel approach that allows the
correction or minimization of, among others, the effects of Twin-to-Twin Transfusion Syndrome
(TTTS), thoracic effusions (intrathoracic shunt placement), diaphragmatic hernias (temporary
placement of a trachea ball), etc [5]-[6]. Without this approach, these syndromes could not be
corrected, and the life of the fetus would be at risk.

Aminimally invasive approach is less harmful than its conventional counterpart in fetal surgery
and allows the preservation of the tissues of the amniotic sac. A premature rupture of the am-
niotic sac can carry a high risk of maternal or fetal infection, placental problems and premature
birth. However, Minimally Invasive Fetal Surgery (FMIS) is a highly demanding surgery at the
technical level, requiring great surgical skills and long learning curves. FMIS uses special tools
called fetoscopes, 20-30 mm long endoscopes with a diameter that ranges between 1.2-3.8 mm.
Fetoscopes have an image transmission system from the tip to the back, where a camera is con-
nected (generally with a rod lens system or optical fibers), and working canals (through the
tool or the protective sheaths) to insert graspers, laser optic fiber or liquid infiltrations (fig. 1).

Figure 1: Transabdominal fetoscopy sets from Karl Storz used in FMIS.
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One of the surgeries in which the use of FMIS has been most extended is Fetoscopic Laser Pho-
tocoagulation (FLP), a laser therapy used for the correction of the Twin-to-Twin Transfusion
Syndrome. TTTS is a severe complication in twins pregnancies where fetuses share a single
placenta (monochorionic twins) and occurs when there is communication between the fetuses
blood systems. The inter-twin vessel communications are called anastomosis. The syndrome
can cause a chronic blood transfer from one fetus, the donor, to the other fetus, the recipient,
which leads to cardiovascular disturbances and results in their death in 90% of cases. Statistical
studies estimate that TTTS affects 10-15% of all monochorionic twins, about 1-3 out of 10,000
births (1 in 2000). Other multiple complications that may result from TTTS: intrauterine infra
development of the donor fetus, cardiomyopathies in the receiving fetus, morbidity in neurode-
velopment, etc. The survival rates of at least one twin after the surgery correction ranges from
76% to 88%. However, there is still a 13 to 17% risk of long-term neurodevelopmental impair-
ment [7].

The goal of FLP intervention is to ablate all the intertwin anastomoses to make independent
the twins’ vascular systems from each other [8]. The technique for laser therapy involves the
following sequence of steps. First, the fetoscope is inserted to obtain direct view of the placenta.
Next, the umbilical cords of both twins are identified to help locate the equator. The equator is
the region equidistant to the two umbilical cords and generally anastomoses are concentrated
there. Having defined the equator, the surgeon proceeds to inspect the region in order to iden-
tify the anastomosis. Once the inspection is completed, proceeds to coagulate the anastomosis
with a high power laser (YAG or diode) introduced through the fetoscope. A final inspection is
done to review the quality of ablations and find any unnoticed anastomosis before extracting the
fetoscope. Figure 2 shows a representation of a twin gestation with TTTS and FLP correction.

Figure 2: Fetoscopic Laser Coagulation surgery. a) Representation of a monochorionic biamni-
otic twin gestation with TTTS. b) Representation of a monochorionic twin pair placenta with
TTTS with different type of anastomosis circled. c) FLP intervention to ablate intertwin anasto-
moses. d) Representation the placenta with TTTS after FLP with coagulated points that divide
the vascular system of the placenta. Adapted from [9].
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In order to apply the benefits of RMIS to fetal surgery, a recently finished project (2016-2019) for
high precision new technologies in medicine and fetal surgery established a framework of co-
operation between medical and robotic research groups. The medical team was formed by the
Fetal Medicine Research center from BCNatal, a consortium formed by the SJD Barcelona Chil-
dren’sHospital andHospital Clínic. The robotic teamwas formed bypart of the ResearchGroup
on Intelligent Robotics and Systems (GRINS), a section of the Center of Research in Biomedical
Engineering at Universitat Politècnica de Catalunya (CREB-UPC). This project was financed by
the private foundation Fundació Cellex. As a result of this collaboration, a robot-assisted TTTS
surgery-oriented teleoperation platform (HATTTS) was developed. HATTTS comes from the
project title in Spanish: Herramientas Avanzadas para la cirugía fetal en TTTS. This teleoperation
platform has a master console, from where the surgeon commands the movement of the feto-
scope using a 6DoFhaptic device, and a slave station, which has a 6DoF robotwith the fetoscope
as end effector. A further technical description of the system is explained in 1.1. The system has
been tested in an experimental environment, where several surgeons performed a simulation
of the TTTS surgery procedure to prove the viability of the proposed solution. The medical
team validated the usability of the system and acknowledged the improvement in precision,
perception, control and data registration over the conventional manual surgery.

The objective of this work is to define a control strategy for a redundant and collaborative robot
that optimize the performance of a teleoperated RMIS procedure. A multi-task control strategy
exploiting the redundancy of the robot is proposed, which allows the performance of subtasks
simultaneously to the main task without interfering. Using the redundancy and collaborative
capabilities of the robot, various subtasks are developed to enhance the capabilities of the robot-
assisted surgery in terms of dexterity and human-robot interaction (e.g. dexterity optimization,
joint compliant control, obstacle-avoidance). The control strategy proposed with new features
that enhance the robot performance will be integrated in the HATTTS system, which at the start
of this work relies on a 6 DoF manipulator. The integration of a KUKA LightWeight Robot 4,
which is a redundant and collaborative robot, will allow the implementation of the developed
work to the HATTTS system.

1.1 HATTTS teleoperation plaform
The teleoperation platform has been designed for single tool minimally invasive fetal surgery,
following the FLP surgical technique. The modular arquitecture opens the possibility to adapt
to new surgeries. The first surgical technique addressed is Fetal Laser Photocoagulation for
TTTS correction. The teleoperation platform offers different solutions to the surgeons oriented
to improve the detected critical aspects. The teleoperation platform is divided into three main
modules: Master Console, Slave Station and a centralized control module (fig. 3).

The interaction between the surgeons and the teleoperation platform is conducted using an in-
teractive master console. The designed master console is composed of an interactive and mod-
ular Graphic User Interface (GUI), a 6DoF haptic device (Touch haptic device by 3D Systems)
and four pedals for auxiliary and safety actions (e.g. emergency exit using the direction of the
tool to avoid any damage of the patient). The haptic device guides the fetoscope considering the
kinematic restrictions imposed by the Remote Center of Motion (RCM), also called the fulcrum
point. The surgeons guide the tool tip, compensating the current movement paradigm (inverse
movements for camera navigation) forced by the RCM. The GUI is oriented to provide the sur-
geons with the required information to perform the surgery like the fetoscopy camera view, a
navigation map, interactive marking of anastomoses with type labels, Points of Interest (POI)
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Figure 3: Schematic representation of the teleoperation platform.

historic information (identified, coagulated, revised), etc. The teleoperation control also offers
other software aiding tools oriented to the surgical task in execution, such as automatic naviga-
tion to POIs, automatic laser extraction/retraction, activate safety planes and data registration.
Figure 4 shows the master console used during the experimental phase, where surgeons with
different experience test manual and robotic platforms to compare the obtained performance.

Figure 4: Master console of the teleoperation platform. Main surgeon guides the fetoscope with
the haptic device. In front, fetoscopic view. On the right, auxiliary screen with navigation map
and interactive control buttons.

The slave module of the system is composed of a robot arm with a specific holder that fixes
the fetoscope to the end effector, the Laser Coagulation System and the Trocar Compensator.
Currently, the used robot is a 6 DoF Staübli Rx60. The developed Laser Coagulation Module
(LsrC) gives the control of the fiber extraction and retraction to the main surgeon, which nor-
mally requires an auxiliary surgeon only for the fiber handling, increasing the precision and
repeatability of the coagulation process and decreasing the potential collisions between fiber
and placenta. The developed Trocar Compensator Module (TrC) is a device that controls the
trocar’s insertion depth. The friction between fetoscope and trocar causes undesired depth vari-
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ation of the trocar inside the uterus. This can cause a tissue rupture or even an accidental trocar
extraction, which would require to realize a new puncture increasing the risk of amniotic sac
membranes break. In manual surgery, the main surgeon holds the trocar with the non dom-
inant hand fixing the depth. This decreases the ergonomy of the surgeon and, consequently,
precision. TrC actively compensates the fetoscope depth variations using a linear actuator. TrC
is attached to the link between robot and fetoscope and fixes the trocar head, ensuring the align-
ment between trocar and fetoscope. Figure 5 shows the current slave experimental set-up.

Figure 5: Slavemodulewith current robot holding the fetoscope, Trocar Compensator and Laser
CoagulationModule. A silicone placenta is placed on theMistrainer platform (by SurgiTrainer).

The teleoperation platform uses a centralized control model to generate robot trajectories based
on the surgical task: automatic or manual navigation and emergency tool exit. Trajectories com-
putation also contemplate risk evaluation, motion compensation and fine location. The entire
communication flow of the master and slave modules pass through the central control module,
which communicates with all modules and submodules. Communications are client-server
based using TCP-IP sockets where the central system acts as a client and the rest as servers.
Figure 6 shows an schematic of the communications of the system.

1.2 Motivation
The fetal surgery teleoperated systemHATTTS has obtained face validity from the BCNatal Re-
search Center team, one of the leading research centers in fetal medicine. The platform was
tested by 14 surgeons in a two session experiment, where they compared the HATTTS system
to manual FLP. The vision of the project HATTTS was to contribute to the medical field with an
robotic-assisted system that reduces the complexity of the surgery and the required skills, thus
extending the accessibility of FLP through hospitals around the world. To reach this develop-
ment stage the system has to be safe to use in surgery, both for the patient and for the medical
staff involved in the procedure. For this purpose this project will change the current slave robot,
a 6 DoF (STaübli RX60b), for a redundant collaborative robot (KUKALWR 4) and use its added
capabilities to enhance the system in dexterity and safety. The idea of using this robot answers
three needs raised during the previous project.
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Figure 6: Schematic of the communication between modules.

First, the slave robot kinematics are highly restricted due to the RCM. In addition, the robot is
restricted to a fixed configuration (left handed, elbow up, wrist no flip) to prevent uncontrolled
movements during the procedure. This leads to a reduced dexterity, operative workspace, and
a restricted robot positioning for the surgery. The kinematic redundancy of the KUKA LWR
allow null-space motion. Null-space motion allows changes in the configuration of the robot
that do notmodify the position of the end effector. Null-spacemotion can be used to improve the
dexterity of the robot, to free space in the robot surroundings required for the auxiliary surgeon
with the ultrasound probe or other medical staff or react against a collision with compliant
behaviour.

Second, this robot is endowed with torque sensors in each joint which can measure external
forces exerted onto the robot. These sensors facilitate the implementation of collaborative strate-
gies to enhance human-robot interaction. Compliant control can handle collisions or physical
interaction between the robot and themedical staff, making the surroundings of the robot safe to
be occupied. In addition, co-manipulation would optimize the set-up of the robot using phys-
ical guidance. The actual set-up procedure is cumbersome and causes a great waste of time
increasing the economic cost of the surgery.

Third, this robot complies with current regulations and can enter into an operating room there-
fore the integration of this robot in the system will allow the project to advance towards new
experiments. Moreover, there is a recent version of this robot, the KUKA LBR Med, designed
specifically for medical applications with same geometry and kinematic configuration as the
KUKA LWR 4. The KUKA LBR Med is certified for integration into a medical product, based
on the internationally recognized “ECEE CB Scheme”, and complies with international stan-
dards IEC 60601-1 and IEC 62304.
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1.3 Objectives
The main objective of this project is to develop a control strategy for RMIS that, in addition to
focus on the surgical task, implements a set of features that increase the capabilities of the tele-
operated system in terms of dexterity and human-robot interaction. The desired features are
the optimization of dexterity, a strategy to free up part of the shared workspace for the medical
staff, a compliant behaviour in case of human-robot physical interaction and a co-manipulation
control to manually steer the robot in a desired trajectory. In order to integrate the features
developed in this work into the HATTTS system, the actual robot in the slave module will be
replaced for a new redundant and collaborative robot. This objective can be split into the fol-
lowing tasks:

1. Define a multi-task control strategy for RMIS.

2. Study the kinematic redundancy’s benefits on dexterity.

3. Develop an algorithm for optimization of manipulability by means of redundancy.

4. Develop an obstacle avoidance strategy exploiting redundancy.

5. Design of collaborative control strategies in shared surgical scenarios.

6. Integrate a redundant and collaborative robot in a robot-assisted fetoscopy teleoperation
system.

1.4 State of the art
This section reviews the state of the art of robotic in surgery. The explanation will begin with
a brief historical overview of the introduction of robotic in the medical field, then it will focus
on the current robotic technologies for Minimally Invasive Surgery. The section will end with
a quick review of the literature in robotic technologies for fetal minimally invasive surgery. For
further information the reader can consult [10] for a overview of medical robotics and [11] for
a review of emerging technologies in surgical robotics.

Robotics have been used in the medical field for more than 30 years, and its use continues ex-
pandingwith novel medical applications. The first use of robotics in surgerywas in 1985, where
a PUMA robot was used to assist a neurosurgical biopsy [12]. In 1988, the robotic surgical
system ROBODOC was used to precisely drill the femoral head to insert the hip replacement
prosthesis [13]. In the same year, at Imperial College in London, a group of researchers per-
formed the first robot-assisted urology surgery using a PUMA robot [14], which lead to the
development of the PROBOT system [15]. Neurosurgery and orthopedics where the first fields
to introduce robot-assisted surgical procedures due to the application in non-deformable tissues
like bones. Those systems where preprogrammed for each patient and based on fixed fiducial
markers.

The deformation of soft tissues like the organs, makes the use of preprogrammed robots very
challenging. Researchers found that teleoperation surgical platforms are the best robotic so-
lution for surgeries on internal deformable organs (e.g. abdominal region). Through telema-
nipulation, the surgeon operates the robot from distance. Laparoscopy quickly adopted the
robotic teleoperation solution. In 1993, Yulyn Wang founded the Computer Motion company,
and developed the first robotic device for use in endoscopic surgery (fig. 7a) approved by the
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US Food and Drug Administration (FDA). The Automated Endoscopic System for Optimal Po-
sitioning (AESOP) was used to control the camera in a laparoscopic surgery [16]. Years later,
the same company developed a more complex robotic system for laparoscopy called ZEUS (fig.
7b). The Zeus system had three teleoperated robotic arms commanded by the surgeon from a
console. One arm controlled the endoscope, while the other two could hold a variety of surgical
instruments such as graspers or scissors.

(a) (b)

Figure 7: Robotic systems developed by Computer Motion. a) Automated endoscopic system
for optimal laparoscope positioning (AESOP). b) ZEUS robotic laparoscopy system, with sur-
geon console and surgical station.

Also during the 1990s, parallel to the development of the ZEUS system, a Californian com-
pany named Intuitive Surgical developed the da Vinci, a robotic surgical system for general
laparoscopy [17]. The da Vinci followed the same architecture than ZEUS, with a master con-
sole for the main surgeon and a slave station with two robotic operating arms and one camera
holder. The operating arms of the da Vinci offered 7 DoF, replicating the surgeon’s movements,
and can hold a wide variety of surgical tools. The following versions of da Vinci incremented
the number of operative arms up to four. Last da Vinci versions include the possiblity of single
port surgery (fig. 8).

Figure 8: Robotic laparoscopy system da Vinci developed by Intuitive Surgical.

Both robotic surgery systems were approved by the FDA and were used in digestive, oncologic,
cardiac, gynecologic and urologic surgeries. The satisfactory performance of these two systems
introduced the computer-enhanced robotic surgery into the general surgical practice [18]. In
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2003 Computer Motion was merged into Intuitive Surgical and Zeus was phased out in favor
of da Vinci. Da Vinci is currently the most widespread robotic surgical system for laparoscopy,
with more than 5.000 units distributed in 67 countries. According to the company’s data, more
than 7 millions da Vinci procedures were completed by 2019, 15% through the last year.

Although the most popular surgical robotic system is the da Vinci, the trend in robot-assisted
minimally invasive surgery has increased the number of current available surgical robotic tech-
nologies. Some of the popular new robotic surgical systems are the Sensei X (fig. 9a), for
robot-assisted cardiac catheter insertion, the FreeHand (fig. 9b), a next generation endoscope
holder, the Single Port Orifice Robotic Technology (SPORT) Surgical System (fig. 9c), a console-
based platform for laparoendoscopic single site, the NeoGuide Endoscopy System (fig. 9d), for
computed-aided colonoscopy, and the Senhance (fig. 9e), a robotic platform for general la-
paroscopy. At local level, RobSurgical, a spin-off from the Universitat Politècnica de Catalunya
(UPC) and the Institute for Bioengineering of Catalonia (IBEC), is also developing a multi-arm
laparoscopic robot with passive joints between robot arms and tools to minimize tool forces
exerted over the abdominal wall.

Despite the uprising popularity in robot-assisted surgery, the use of robotic techniques to fetal
surgery has been poor. Commercial robotic surgical systems, like da Vinci, are not adequate
due to the small size of the surgical space in comparison to their tool sizes. Researchers have
focused in developing robotic technologies specifically designed for fetal surgery. Some of the
current robotic fetal surgery technologies are a fetal blood sampling robot[19], amicrofabricated
instrument for haptic tissue recognition [20], a roboticmanipulator for intrauterine fetal surgery
for tracheal occlusion [21] and a fetoscopic instrument with a decoupled tip of 2 DoF for FLP
surgery [22]. Moreover, due to the poor visibility in intrauterine surgery (low quality image,
liquid environment with no light, thin optic diameters) part of the developed work focus on
computer vision techniques to enhance visual perception. Tracking of the vascular structure
and other features can be used to generate a placental panoramic view through fetoscopic image
reconstruction [23]-[24]. In [25], besides the mosaicking of the placenta, vessel tracking is used
to locally guide a robot with enough accuracy.
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(a) Sensei X (b) FreeHand

(c) SPORT

(d) NeoGuide (e) Senhance

Figure 9: New emerging surgical technologies. a) Sensei X (Hansen Medical Inc., US). b) Free-
Hand 1.2 (FreeHand 2010 Ltd., UK). c) Single Port Orifice Robotic Technology (SPORT) Sur-
gical System (Titan Medical Inc., Canada). d) NeoGuide Endoscopy System (NeoGuide En-
doscopy System Inc, US). e) Senhance (TransEnterix, USA).
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1.5 Document structure
This introductory chapter covers the project context and the proposed objectives. Chapter 2 in-
troduces a multi-task control strategy for a redundant robot in the FLP procedure. The chapter
presents additional control strategies defined as a sub-task of the system. The proposed sub-
tasks are based on redundancy and collaborative techniques. Chapter 3 explores the improve-
ment of dexterity bymeans of redundancy. It starts with an introduction to redundant manipu-
lators and dexterity. Then, presents a study of the kinematic redundancy benefits to maximize
dexterity. Next, the section describes an online manipulability optimization algorithm using a
redundant robot. Chapter 4 is dedicated to the development of human-robot interaction strate-
gies. This section starts with an obstacle avoidance strategy exploiting redundancy. Following,
a compliant control for collision reaction using null-spacemotion is proposed. Furthermore, the
design of a co-manipulation strategy for physical guidance is discussed. Chapter 5 explains the
integration of a KUKA LWR 4 into the HATTTS platform to implement the developed function-
alities. In chapter 6 the cost of this project is detailed. Chapter 7 presents a brief socioeconomic
and environmental impact of the project. Chapter 8 proposes the future work for the continuity
of this project. Chapter 9 presents the conclusions of this project.

1.6 Project planning
This section explains the project planning and work structure. The first task of this work was
the development of the software layers necessary for high-level control and integration of the
robot within the HATTTS system (Chapter 5). The second task addressed by the project has
been the development of manipulability optimization strategies exploiting the redundant robot
capabilities (chapter 3). The corresponding chapter introduces the concepts of different robotic
dexterity evaluation indices and the benefits of redundancy in RMIS. The chapter concludes
with a review of the developed strategies for dynamic manipulability optimization and shows
several studies that illustrate the usefulness of the proposed approximation. The third phase of
the project has been based on the development of human-robot interaction strategies focused
on surgical robotic applications (chapter 4).

The completion of the first task allowed the implementation and test, on the real system, of
the control strategies developed in this work. However, the test and validation of the proposed
controls on the real system has been not possible given the lockdown and laboratory closure
imposed by the situation caused by the Covid-19. To overcome with this situation, the control
strategies have been developed, tested and validated through simulation using Matlab.

The 2019Matlab Robotic SystemToolbox offers a set of tools and algorithms for designing, simu-
lating and testing robotic manipulators. The simulations have been realized with the kinematic
model of a KUKA LBR iiwa, a more recent version of the KUKA LWR 4 that preserves the same
kinematic configuration. To simulate the FMIS, a fetoscope shaped body is attached to the robot
end-effector and a RCM constrain is defined at the trocar position. The surgical workspace is
defined as a cone with vertex on the trocar position (fig. 10).
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Figure 10: Matlab simulation of the robot-assisted FMIS environment.
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2 Multi-task control strategy exploiting redundancy in RMIS
In order to enhance the HATTTS system performance, the implementation of any additional
control strategy must not interfere with the development of the surgical procedure. Currently,
HATTS teleoperation platform is equipped with a 6DoF serial robot which does not allow the
implementation ofmultiple control strategies. This chapter introduces amulti-task control strat-
egy using a redundant and collaborative robot, which allows the implementation of multiple
control schemes for the FLP procedure.

The FLP surgery can be described with a Finite State Machine (FSM). This approximation en-
ables a better understanding, formal description and identification of the parameters (e.g. risks,
most challenging or time consuming actions) that define the control strategies to improve the
surgery performance and patient safety. Figure 11 shows the proposed division of the surgery
in the phases pre-operatory setup, POI location, coagulation, revision, post-operatory setup and
a emergency state where the tool is partially or complete extracted. This division has been re-
viewed and approved by the medical team involved in the project. Each phase presents specific
requirements in terms of robot guidance modes and multi-task control schemes.

Figure 11: Finite State Machine representation of the FLP surgical procedure.

Two robot guidance modes are proposed: telemanipulation and co-manipulation. Telemanip-
ulation allows the control of the tool tip trajectory from a remote master device. The main
surgeon focus on the control of the tool tip to gain precision and control during the surgery.
Co-manipulation is a collaborative strategy that allows the control of the robot from physical
interaction. The surgeon moves the robot end effector by means of manual guidance (direct
physical interaction between surgeon and robot arm). The robot allows this two control modes
as it is integrated in a teleoperation system, thus can be telemanipulated, and has integrated
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torque sensors in the joints, thus allowing co-manipulation.

The additional control strategies, labeled in figure 11 as secondary tasks, are additional features
desired for the teleoperation system. The dexterity optimization maximizes the manipulabitily
of the robot for the surgical task evaluating multiple redundant configurations. The collision-
avoidance strategy exploits the robot redundancy to free occupancy space when a surgeon or
nurse approximates the robot, reducing the collision probability. The joint compliance control
provides a docile arm behaviour when there is a physical interaction between human and robot.
The joint compliance can be used to control the reaction of the robot in a collision and to allow
the surgeon to modify the arm configuration by hand.

These control strategies will be implemented into the HATTTS high level robot control system
to be used during the surgery. The use of the additional control strategies will be regulated
according to the ongoing phase of the surgery, as proposed in figure 11. For example, in the POI
location phase, where a sonographer helps to locate the placenta and the fetuses, the obstacle-
avoidance is used to prevent collisions whereas its use has no sense during the co-manipulation
mode, as the surgeon is in direct contact with the robot.

Redundant manipulators offer infinite configurations when solving the IK problem in the task
space. Kinematic redundacy leads to possibility of exploiting redundancy to optimize certain
criteria in the form of subtasks. Considering a multi-task approach, each operational space
objective taski (e.g. end effector trajectory, joint movements minimization, dexterity optimiza-
tion...) contributes to the dynamics of the robot. The tasks contribution can be weighted or
prioritized to establish a control hierarchy. For redundant manipulators, the most well-known
control framework in task space is the Operational Space Formulation (OSF) developed by [26].
In OSF, the linear dynamics of themain task are decoupled allowing the control of various tasks
simultaneously. In [27]-[28] and, more recently, in [29], a multi-task control with a priority-
based hierarchy for redundant manipulators is proposed, using the null-space projection of the
Jacobian matrix. Using this approach, tasks with lower priority can be performed utilizing re-
dundancy of tasks with higher priority, but with the guarantee that a task will not be perturbed
by another with lower priority. The null-space of a redundant robot’s Jacobian matrix (Jm×n

r )
is a subset of that matrix such that

N = {v ∈ Rn×n | Jrv = 0} (2.1)

Therefore, the contribution of a task executed in the null-space (q̇N) to the end effector velocity
(ẊEE) is

ẊEE

∣∣∣∣
taskN

= Nq̇N = 0 ∀q̇N (2.2)

A generalized framework for control of redundant manipulators in RMIS, proposed in [29],
defines a strict priority task hierarchy approach. In this generalized framework, the main task
is defined as the control of the tool-tip trajectory. Secondary tasks, performed in the null-space,
allow the addition of features (e.g. joint compliance, dexterity optimization, motion economy)
without altering the critical main task. Following this framework, in this work a redundant
manipulator is used in the HATTTS system with a similar priority based hierarchy control.
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The new task set, defined in figure 11, enhances the dexterity and human-robot interaction of
the teleoperated platform. The main task, with the highest priority, is the control of the tool
tip of the fetoscope, teleoperated from the master station or with manual guidance using co-
manipulation. The three additional control strategies desired are defined as secondary tasks
that will be performed in the null-space. Figure 12 shows the proposed control architecture
with priority-based hierarchy.

Figure 12: Proposed control architecturewith priority-based hierarchy using the null-space pro-
jection. Subtasks are designed to improve the dexterity and human-robot interaction of the
teleoperated system.

The multi-task approach treat the new features of the system as modules with a priority level.
These modules can be enabled or disabled from the main surgeon command station. During
the surgery phase the control mode, which includes the TCP trajectory as main task, can have
the three subtasks enabled simultaneously, or a combination of them. In the pre-operatory
setup and the post-operatory removal of the tool, the control mode has the co-manipulation
control as main task, which allows the surgeon to manually the end-effector of the robot. In this
phase, the subtasks of dexterity optimization and compliance control can provide the optimal
configuration of the robot with respect to the commanded end effector pose.
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3 Optimization of dexterity exploiting redundancy in RMIS
In RMIS, the robot kinematics are strongly constrained by the Remote Center ofMotion, defined
by the fulcrum point. Consequently, the manipulator dexterity, which indicates the motion
performance in the task space, is severely affected. The trocar insertion defines a RCM over
which the tool pivots. This imposes the tool to pass through the trocar to access to the surgical
workspace. The RCM also inverts the motion paradigm, a forward movement of the tool tip is
executed with a backward movement of the end effector. Other constrains come from the need
of continuity in joint values, which is achieved by limiting the robot possible inverse kinematics
(IK) solutions to left handed, elbowup andwrist no-flip. This limitation avoids sudden changes
in the configuration, which would cause an abrupt increase in speed and cause damage to the
patient. Moreover, the robot often reaches joint limits or singularities due to the constrained
workspace, which decreases the dexterity. In order to increase the dexterity of the robot in a
constrainedworkspace, this work exploits the benefits of redundancy in the kinematic problem.

Kinematic redundancy occurs when a robotic manipulator has more degrees of freedom than
those required for a given task. A general spatial task requires 6DoF, three for position and three
for orientation, therefore a 7 DoF robot become redundant for this task. For a given position and
orientation of the end effector, the redundant robot has infinite possible configurations. Since
dexterity is directly related to the joint configuration of the robot, it can be optimized choosing
the best option from the infinite solutions of the redundant manipulator.

The KUKA Lightweight robot is an anthropomorphic manipulator with 7 DoF. The extra joint
is a revolute actuator located in the third position of the joint configuration, between the robot’s
"shoulder" and the "elbow". Figure 13 shows a schematic representation of the robot. This extra
joint is referred as the external joint in the KUKAdocumentation. The redundancy of the KUKA
LWR can be used to generate infinite arm configurations without changing the wrist pose.

Figure 13: Schematic representation of KUKA Lightweight robot. The external joint is labeled
as θ3.

Research in kinematic redundancy has been active for more than two decades. Redundancy has
been already studied for dexterity parameters maximization [31]-[32], for obstacle avoidance
[33]-[34] and for collisionmanagement [35]. Other uses of redundancy are reduction of impact
force [36] and fault tolerance [37]. The contribution of this work lies on the exploitation of
redundancy to increase the surgical teleoperation system performance.
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3.1 Dexterity of a robotic manipulator
Kinematic dexterity is a measure of the capability of the robot to execute a specific task in a
given configuration. Dexterity can be analyzed through several parameters which depend on
the manipulator configuration. Considering a robotic manipulator with n DoF for a task in m
dimensional space, wherem ≥ n, the position of the end effector is obtained through the robot’s
forward kinematics

X = f(q) (3.1)

Where q = [q1 · · · qn]T ∈ Rn andX ∈ Rm. The derivative of 3.1 gives the differential kinematics
equation (3.2).

Ẋ = J(q)q̇ (3.2)

The manipulator Jacobian matrix (J), in the form of a m × n matrix, represents the relation
between the joint velocities and the linear and angular velocities of the end effector.

One of the most used dexterity index is manipulability. Manipulability represents the capacity
of a robot to generate amovement from a given configuration. A highermanipulability value in-
dicates that the robot hasmore capacity ofmovement. This index is computedwith the Jacobian
and is defined as

w(q) =
∣∣det(J(q))

∣∣ (3.3)

The Jacobian of a redundant robot has more columns than rows (n > m) which makes the Jaco-
bian non-square. Since the determinant of a non-square matrix cannot exist, the manipulability
for a redundant robot is defined as

w(q) =
√
det(J(q)JT (q)) (3.4)

Themanipulabilty indexw ∈ R+ since the product JJT is positive semi-definite. Amanipulator
in a singular configuration has w = 0 because it has one or more eigenvalues of JJT equal
to zero. Singularities occur inside the workspace and are caused by the alignment of two or
more joint axes, causing the loss of DoF. When a robot falls into a singularity or moves in its
surroundings, performs large motions in joint space for small movements in Cartesian space,
which causes undesirable motions.

The singular values (σm) of the Jacobianmatrix can be obtained from the SingularValueDecom-
position (SVD)method (3.5). The singular values represent the manipulability in the direction
of each axis. The minimum singular value (MSV) indicates the worst case scenario. Manipula-
bility can be represented as an ellipsoid where the eigenvectors of JJT define the principal axes
and the singular values the length.
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J = UΣV T =⇒ Σ =


σ1 0 · · · 0
0 σ2 · · · 0
...

... . . . ...
0 0 · · · σm

 (3.5)

The ratio of themaximum singular value (σmax) to theminimum singular value (σmin) is called
condition number (3.6) and is used as another dexterity index. Condition number (CN) indi-
cates the anisotropy of the motion and denotes the ill-conditioning of J . A CN = 1 indicates
a spherical shaped manipulability ellipsoid. Consequently, the robot presents the same move-
ment capacity in all directions.

CN(q) =
σmax

σmin
(3.6)

On the contrary, isotropy (∆) is the dexterity index used to represent the uniformity of mo-
tion ability in all directions from a given pose. Isotropy is calculated as the ratio between the
geometric mean of the Jacobian matrix and the arithmetic mean of its eigenvalues (3.7). The
arithmetic mean of the eigenvalues is obtained through the trace of the matrix JJT .

∆ =
(det(JJT ))1/m

trace(JJT )/m
(3.7)

where∆ ∈ (0, 1). A value of∆ = 1 indicates optimal dexterity and∆ = 0 indicates a singularity.

Detecting the proximity to a singularity is crucial for a safemotion inside the surgicalworkspace.
Upon the dexterity indices described above, manipulability and isotropy are valid options for
the requirements of this work. Both can be used to prevent the robot from falling into a sin-
gularity. Maximizing these dexterity indices by means of the redundant joint will decrease the
risk of entering in a singularity in ill-positioned workspaces.

3.2 Analysis of kinematic redundancy benefits on dexterity in RMIS
As explained above, dexterity depends on the configuration of the robot for a determined pose.
As redundancy gives multiple solutions to the IK problem, dexterity will vary depending on
the configuration given by the external joint (q3) value. The parametrization of the variation in
dexterity bymeans of redundancy is a key factor to assess the value of a redundant manipulator
in RMIS. In order to quantitatively analyze the effects of redundancy on dexterity, a simulation
of a redundant robot performance in a RMIS workspace has been conducted.

A Matlab simulation environment is prepared with a KUKA LBR iiwa equipped with a feto-
scope, as well as a trocar insertion, to simulate the robot-assisted FMIS. This simulation envi-
ronment is explained in the section 1.6. The workspace of the robot is constrained with the
RCM, which defines a cone-shape workspace. The workspace is sampled to obtain a homoge-
neous distribution of points inside it. The sampling is performed with the division of the cone
in various XY planes along the Z axis. In each XY plane of the workspace, a homogeneous
distribution of points based on polar coordinates is scattered (fig. 14).
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Figure 14: Sampled FMIS workspace. Left: side view shows the division in Z axis. Right: top
view shows the distribution in polar coordinates.

Inside this simulation environment, the tip of the fetoscope is moved along the workspace and,
at each point, several configurations are computed forcing different q3 values (fig. 15). The con-
figurations are computed through the inverse kinematics of the robot. The inverse kinematic
problem is constrained to the configurations left handed, elbow up and wrist no flip. Addition-
ally, the end effector cannot go below the trocar height to avoid colliding with the patient. The
orientation of the end effector is also constrained by the trocar, therefore the fetoscope is always
passing through the RCM. As the external joint value is fixed previously, the redundancy does
not affect the inverse kinematic resolution in terms of computational complexity.

Figure 15: Example of various configurations with the same end effector pose for q3 = −π,
q3 = 0◦ and q3 = π.

The dexterity indices of manipulability, MSV, CN and isotropy are calculated at all the points
of the workspace, for each redundant configuration. With this method, a dexterity dataset of
redundant configurations for the whole workspace is obtained. The outcomes of the analysis of
the dataset obtained with this experiment are presented below.

The first issue addressed from the results of the experiment is the effect of redundancy in the
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robot’s workspace. The reachability workspace represents the capacity of the robot to reach a
position in the operational space. The dexterity workspace represents the capacity of the robot
to reach a position in the operational space in any orientation. The used IK solver indicates
whether it has been possible to obtain a result within the imposed limitations. The evaluation of
this parameter can give an idea of the robot’s availableworkspace. During the experiments it has
been detected that the IK solver algorithm returns some solutions as not reached, despite being
a correct configuration that fulfills the kinematic restrictions. To avoid false negatives in the
reached parameter, the kinematic configurations obtained from the inverse kinematics solver
are double checked using the forward kinematics (FK) of the robot. Therefore, the algorithm
described hereafter (Alg. 1) calculates the distance error between the desired and the computed
position of the fetoscope tip (TCP) and the deviation of the fetoscope from the trocar point. Both
errors are checked to see if they are within tolerances and the parameter reached is corrected
accordingly.

Algorithm 1: Validity check of IK solutions
Input: Desired TCP position P , trocar position Ptr, IK solution configuration q and error

tolerances Toldist and Tolaim
Result: Check if the fetoscope is at the desired position and passes through the trocar

1 Pee = FK(q, endeffector) // Get the position of the robot end effector
2
3 Ptcp = FK(q, TCP ) // Get the position of the fetoscope tip (TCP)
4
5 Errordist =

∥∥P − Ptcp

∥∥
2

// Distance error from the desired point
6
7 ~v1 = Ptcp − Pee // Vector from end effector to fetoscope tip
8
9 ~v2 = Ptr − Pee // Vector from end effector to trocar
10
11 Erroraim = ‖~v1 × ~v2‖2 // If ~v1 ‖ ~v2 =⇒ ~v1 × ~v2 = 0
12
13 if Errordist ≤ Toldist & Erroraim ≤ Tolaim then
14 isV alid(q) = true
15 else
16 isV alid(q) = false
17 end

The variations in the robot’s workspace caused by redundancy can be measured from two per-
formance indices: the number of reached points inside the surgical workspace and the vol-
ume of the reachable workspace. To evaluate the differences provided by the redundant con-
figurations to the reachability of the robot, the number of reached positions inside the surgi-
cal workspace are computed for several redundant configurations of the manipulator. In FLP
surgery, the trocar position and orientation depends on the position of the placenta, which can
be in anterior, posterior, fundal or lateral position. To deal with such different scenarios, two
surgical workspaces with different orientations have been tested. The first workspace (fig. 16a)
simulates themost common placenta orientation, which is a posterior placenta, and is well posi-
tioned respect to the robot. The secondworkspace (fig. 16b), which simulates a lateral placenta,
has a cumbersome orientation.
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Forcing q3 = 0, the LWR losses a DoF and becomes a non-redundantmanipulator. The variation
in the reachability obtained by redundancy is defined as the ratio

∆Reachability(%) =

∑
newPoints∑
WSNRM

× 100 (3.8)

whereWSNRM is the set of points reached by the manipulator with non-redundant configura-
tions (q3 = 0) and newPoints is a set of points such that

newPoints ∈WSRM | newPoints /∈WSNRM (3.9)

whereWSRM is the set of points reached by the manipulator with any redundant configuration
(q3 ∈ (−π/2, π/2)).

(a) (b)

Figure 16: Different workspaces defined by the orientation of the trocar. (a) well-positioned
workspace (b) ill-positioned workspace.

The volume of theworkspace can be approximated by the volume of its convex hull. The convex
hull of a set X of points in the Euclidean space is the smallest convex set that contains X . The
variation of the workspace volume due to redundancy can be calculated as

∆VWS(%) ≈ VCHRM
− VCHNRM

VCHNRM

× 100 (3.10)

where CHRM is the convex hull of the redundant manipulator’s workspace and CHNRM is the
convex hull of the non-redundant manipulator’s workspace.

Figure 17 shows the results of theworkspace analysis. The results prove that in awell-positioned
workspace, the reachability increases a 30% but there is not a significant volume increase. In the
ill-positioned workspace, the reachability increases up to a 80% and the external volume of the
workspace up to a 70%. This significant increase in the ill-conditioned workspace is due to the
fact that, in such orientations, a non-redundant robot is prone to fall into singularities whereas
a redundant robot can avoid them exploiting kinematic redundancy.

The second aspect addressed from the results of the experiment is the effect of redundancy
on dexterity. The increase of dexterity obtained using redundant with respect non-redundant
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(a) (b)

Figure 17: Reachability increment in workspace due to redundancy. Blue points represent po-
sitions in workspace reached by a non-redundant robot. Black points represent positions only
reached with a redundant robot.

configurations to assert the benefits of redundancy is analysed using the same dataset. Non-
redundant configurations have been obtained by fixing q3 = 0, obtaining the typical configura-
tion of a 6 DoF serial robot. Figure 18a shows the manipulability values of the non-redundant
manipulator configurations for a given XY plane of its workspace. This manipulability values
are used as baseline values in the comparison between non-redundant and redundant robot’s
performance. Figure 18b shows the maximum ratio between the manipulability value of any
redundant configuration, given by q3 ∈ (−π/2, π/2), and the corresponding baseline value.

(a) (b)

Figure 18: Manipulability value in the workspace. Robot base at PB = [0, 0, 0]. (a) Manipula-
bility value for non-redundant configurations (baseline values). (b) Maximum ratio between
manipulability of redundant configurations and baseline values.

The manipulability of the non-redundant robot shows that, in some regions of the workspace,
the further points with respect to the robot’s base, lead the robot toward a singularity (w ≈ 0).
This is consequence of the alignment of two or more axis of the robot, caused by the kinematic
restriction of the RCM. The maximum ratio shows that manipulability can be increased up to
three times in areas close to a singularity, as using the redundant joint can avoid the alignment
of the robot’s axis.
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Concerning CN dexterity index, figure 19a shows the obtained results using theXY = 0 plane
(same as used in figure 18) for a non redundant manipulator (q3 = 0). Again, this CN val-
ues are used as baseline values in the comparison between non-redundant and redundant per-
formance. A higher CN value represents a more anisotropical motion in the Cartesian Space,
consequently in this case the objective is minimizing the CN by means of redundancy. Figure
19b shows the minimum ratio between the CN value of any redundant configuration, given by
q3 ∈ (−π/2, π/2), and the corresponding baseline value.

(a) (b)

Figure 19: Condition Number value in the workspace. Robot base at PB = [0, 0, 0]. (a) CN
value for non-redundant configurations (baseline values). (b) Minimum ratio between CN of
redundant configurations and baseline values.

The CN of the non-redundant manipulator configurations shows that in the further points with
respect to the robot’s base of the workspace, the robot’s motion performance in the different
Cartesian axis is highly different. The minimum ratio shows that the CN can be decreased up
to one-third of the baseline value in some areas.

The isotropy index, contrary to the CN, represents the homogeneity of the motion performance
in the Cartesian Space, where the optimum isotropy is represented by the maximum value of
the index. Figure 20a shows the isotropy values of the non-redundant manipulator (q3 = 0), for
the sameXYplane of its workspace as before. In this case, the objective is, again, maximizing the
index value. Figure 20b shows themaximum ratio between the isotropy value of any redundant
configuration, given by q3 ∈ (−π/2, π/2), and the correspondent baseline value.

The isotropy index of the non-redundant manipulator shows that the value decreases in the
same region of poor performance obtained by the previous indices (see figures 18a and 19a).
The maximum ratio shows that the isotropy can be increased up to a 50% in the problematic
areas.

As expected, the results of the dexterity analysis prove that the use of a redundant manipulator
increases the dexterity performance. The major increment is obtained in situations where a
non-redundant manipulator presents poor performance, mostly in the vicinity of a singularity.
As seen in the dexterity indices ratios between redundant and non-redundant configurations,
in the worst case the redundant manipulator has the same performance as the non-redundant
manipulator. This derives from the fact that redundancy contains, as one of the solutions to the
IK problem, the same configuration as the non-redundant.
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(a) (b)

Figure 20: Isotropy value in the workspace. Robot base at PB = [0, 0, 0]. (a) Isotropy index
for non-redundant configuration. (b) Maximum isotropy ratio between redundant and non-
redundant configurations.

Therefore, having proved both the increment in dexterity and in reachability in a RMIS en-
vironment, it has been demonstrated that exploitation of a redundant robot in the HATTTS
teleoperated platform can increase the surgical task performance.

3.3 Dynamic manipulability optimization in RMIS
The analysis conducted in the previous section proves that the dexterity of the robot in the
RMISworkspace can be optimized exploiting redundant configurations. The use of a redundant
robot in a teleoperated platform, such as the KUKA LWR, opens the possibility to a dynamic
optimization of dexterity. Themanipulability index is chosen to optimize dexterity, as it requires
less calculation and is therefore more computationally efficient. In addition to manipulability,
the isotropy value is still computed in the experimental phase to ensure that homogeneity in
the motion performance is not compromised.

Following the multi-task approach proposed in section 2, a secondary task, performed in the
null space, is responsible for the dexterity enhancement. This subtask maximizes dexterity
through dynamic optimization of manipulability exploiting redundancy in incremental motion
(DOMERIM). The proposed algorithm, described in Alg. 2, maximizes the manipulability of
the redundant robot in each step of its trajectory in the Cartesian space. For each new point
of the trajectory, a fixed number of configurations are calculated by setting the value of the re-
dundant joint near the previous q3 value. This approach ensures local optimization. The global
optimization is not realistic because it demands infinite joint accelerations to reach optimal joint
configuration. A more realistic approach has been used, restricting the incremental joint move-
ments in terms of displacement and velocity. The local optimization criteria ensures smooth
motions, which are a priority in the surgical task as they provide greater safety. The chosen q3
values must be within boundaries set by a predefined policy. This policy can change the bound-
aries in function of the distance of the TCP from the RCM. From the candidate configurations,
the one with maximum manipulability is chosen.

To test the manipulability optimization algorithm, a randomized path is generated inside the
surgical workspace. This path (fig. 21) includes movements along the edge of the workspace,
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Algorithm 2: Dynamic Optimization of Manipulability Exploiting Redundancy in Incre-
mental Motion (DOMERIM)
Input: Next trajectory point P (t) and previous configuration q∗(t− 1)
Output: Next configuration q∗(t) with optimized manipulability

1 initialization
2 foreach new P (t) do
3 p = P (t)

4 q3NewV alues =


q∗3(t− 1)−∆θ
q∗3(t− 1)

q∗3(t− 1) + ∆θ

5
6 q3Candiadates = {θ ∈ q3NewV alues | θLBound ≤ θ ≤ θUBound}
7
8 foreach θ ∈ q3Candidates do
9 q = IK(p)→ s.t. q3 = θ

10 qData(θ) =
[
q w(q) CN(q) ∆(q)

]
11 end
12 q∗ = {q ∈ qData | w(q∗) = max(w(q))}
13 end

which, added to the kinematic constrains of the RCM, forces the robot to reach singularities.
The sampling time used is T = 0.01s and the duration of the test is t = 10s.

Figure 21: Path defined for the dynamic optimization test. Initial position in green and final
point in red.

The first test for the optimization algorithm is performed with a fixed boundary policy to study
the behaviour of the robot when the DOMERIM algorithm is applied. This policy sets the
boundaries to (−π/2 ≤ q∗3 ≤ π/2) for all the workspace (fig. 22a), allowing the robot to move to
an optimal configurationwithout any constrain. Figure 22b shows the resultant optimal q∗3 value
(in blue) that allow the maximum manipulability configuration, through all the robot’s trajec-
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tory, and the baseline q3 value (in red). Figure 22c shows the manipulability value, normalized
with the baseline manipulability value (w0), for all the computed optimum joint configurations
in the manipulator’s path. Figure 22d shows the isotropy value, normalized with the baseline
isotropy value (∆0), for all the computed optimum joint configurations in the manipulator’s
path.

(a) (b)

(c) (d)

Figure 22: Dynamic optimization with fixed boundaries policy. a) q3 upper bound, yellow, and
q3 lower bound, in blue. b) q∗3 , in blue, and q30 , in red. c) Optimized configuration’s manipula-
bility normalized with w0. d) Optimized configuration’s isotropy normalized with ∆0.

The results of DOMERIM show an increment of manipulability up to seven times compared
to the baseline value. Moreover, isotropy has also increased (reaching a maximum of 80% im-
provement). In this case, the robot remains almost all the trajectory with q∗3 = π/2 as it has
the maximum value of manipulability. However, as seen in figure 22c and 22d, there are some
robot configurations where both manipulability and isotropy fall below 1. In that moment, the
computed optimal configuration manipulability is lower than the non-redundant configura-
tion. The robot remains in configurations with the same q∗3 value (maximummanipulability of
its neighbourhood) but exists the possibility of not being a global maximum. Hence, the fixed
boundary policy can lead the robot to fall in a manipulability local maximum. Nevertheless, if
the gradient between the q3 optimal value of two consecutive points of the workspace is higher
than the allowed increment of the q3, reaching the optimal value requires several control steps.
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Two main aspects influence in local maximum reachment: first, the location of the robot basis
with respect the RCM and the workspace. Second, the trajectory followed when a local maxi-
mum is reached. After reviewing these two aspects in the experiments, the conclusion is that in
some points of theworkspacewhere Y = 0, the q3 value that gives themaximummanipulability
has an asymptotic behaviour. On the left side of the workspace from the robot’s base frame of
reference (Y = 0+), the maximum manipulability could be reached with q3 = −π/2 while on
the right side (Y = 0−), the maximum manipulability could be reached with q3 = π/2. In the
surroundings of these points, both q3 = −π/2 and q3 = π/2 are local maximums. The gradient
between two consecutive points that crosses zero in that region is significantly higher than the
allowed q3 step increment, which prevents the robot from escaping the local maximum.

To overcome this issue, a new boundary policy is proposed, setting the upper and lower bound-
ary proportional to the linear distance in the Y axis. Therefore the robot is forced to have q3 = 0
when Y = 0, ensuring a proper transition from side to side. Figure 23 shows the results obtained
with the dynamic optimization algorithm following this new policy.

(a) (b)

(c) (d)

Figure 23: Dynamic optimization with linear boundaries policy. a) q3 upper bound, yellow, and
q3 lower bound, in blue. b) q∗3 , in blue, and q30 , in red. c) Optimized configuration’s manipula-
bility normalized with w0. d) Optimized configuration’s isotropy normalized with ∆0.

Figure 23a shows the bound values in the linear boundary policy. Figure 23b shows the resultant
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optimal q∗3 value (in blue) that permits the maximummanipulability configuration, through all
the robot’s trajectory, and the baseline q3 value (in red). Figure 23c shows the manipulability
value, normalized with the baseline manipulability value (w0), for all the computed optimum
joint configurations in themanipulator’s path. Figure 23d shows the isotropy value, normalized
with the baseline isotropy value (∆0), for all the computed optimum joint configurations in the
manipulator’s path.

The results of the dynamic optimization algorithm, despite having an increase inmanipulability
of up to 60%with respect to non-redundant configurations, show a lower overall manipulability
thanwith the previous policy. The computed optimal q∗3 crosses zero several timeswhich entails
a higher motion range. Despite the fact that manipulability is not increased as much as with
the fixed boundaries policy, this policy makes the robot remain in a more vertical configuration.
Vertical configurations make the robot occupy less volume of the shared workspace, freeing up
space for the auxiliary medical staff. Furthermore, this policy allows the robot to have greater
capacity to modify its configuration since it uses the central range of q3 configurations. If it
is lateralized, in spite of having greater manipulability, it loses reconfiguration options as it is
limited on one side.

With the objective of defining a strategy that combines the advantages and minimizes the dis-
advantages of the two previous, a new boundary policy is defined. This new boundary policy
sets the upper and lower boundary proportional to the radial distance to the RCM in the XY
plane (fig. 24a). With radial boundaries, the robot can achieve the maximum manipulability
in positions where could not be reached with the linear policy. On the other hand, it forces the
robot to decrease its q3 value near the center. Therefore if the robot is in a local maximum, it can
escape when the robot trajectory moves along the center.

The DOMERIM algorithm is tested again with the same path and the new boundary policy.
Figure 24b shows the resultant optimal q∗3 value (in blue) that forces the maximum manipula-
bility configuration, through all the robot’s trajectory, and the baseline q3 value (in red). Figure
24c shows the manipulability value, normalized with the baseline manipulability value (w0),
for all the computed optimum joint configurations in the manipulator’s path. Figure 24d shows
the isotropy value, normalized with the baseline isotropy value (∆0), for all the computed opti-
mum joint configurations in themanipulator’s path. The results prove that this proposed policy
combines the advantages of both previous policies. The manipulability value for the computed
optimal configurations increases up to seven times compared with w0. Additionally, the ma-
nipulability does not decrease with respect to w0, which means that the robot can escape from
local maximums. This is confirmed with the values of q∗3 , that show a change between positive
and negative joint angles.
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(a) (b)

(c) (d)

Figure 24: Dynamic optimization with radial boundaries policy. a) q3 upper bound, yellow, and
q3 lower bound, in blue. b) q∗3 , in blue, and q30 , in red. c) Optimized configuration’s manipula-
bility normalized with w0. d) Optimized configuration’s isotropy normalized with ∆0.

Figure 25 represents a small sample of the DOMERIM algorithm applied to an RMIS task. Fig-
ure 25a shows the initial configuration of the robot. Figures 25b to 25i represent consecutive
steps of the computed optimal configuration (highlighted) and the non-redundant configura-
tion (ghost) for the same given position.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 25: Example of optimized configuration with DOMERIM (highlighted) vs non-
redundant configuration (ghost). a) Initial configuration. b-i) Sequence of consecutive mo-
tions.
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4 Human-robot interaction strategies for surgical robots
This chapter deals with the solutions provided by the human-robot control strategies within
the field of RMIS. In order to focus the problem on FLP, the reality of the shared surgical space
during surgery has to be understood. In themanual approach, the surgeon guides the fetoscopy
with one hand and fixes the depth of the trocar with the other hand (right and left hand). Apart
from the main surgeon, an assistant surgeon is responsible for guiding the fiber optics for co-
agulation inside the fetoscope. In addition, another assistant surgeon is responsible for guid-
ing a ultrasound probe for medical imaging. There are usually more surgical staff within the
workspace. This distribution means that the surgeon cannot work ergonomically and therefore
accuracy and repeatability can be affected. The teleoperation approach improves this situation:
themain surgeon uses amaster station to guide the robot ergonomically andwithout interaction
with other surgical staff. However, the other people needed during surgery continue sharing
work space with each other and with the robot. This fact requires safety measures to avoid
potential human-robot collisions while continuing with the execution of the surgery. There-
fore, safe and controlled human-robot interactions (HRI) are critical in the surgical procedure.
Collaborative strategies allow safe human-robot interactions, and permit the implementation of
manual control of the robot by physical interaction.

Human-robot interaction inside the operating roomhas been a topic of research in the last years,
with cornerstoneworks on co-manipulation [38], autonomous collaborative assistance [39] and
safety[40]. The EU funded Smart Autonomous Robotic Assistant Surgeon (SARAS) project,
with the participation of the GRINS research group, is working in the development of two au-
tonomous auxiliary robots to free up the work space from medical personnel [41].

In thiswork, threeHRI strategies are presentedwith different aims. The first strategy is an obsta-
cle avoidance strategy, which changes the configuration of the robot arm to free occupied space
when medical staff is approaching without physical interaction. This strategy does not require
a collaborative robot, as it relies on an a external sensorial system that determines the position
of the medical staff. The other two strategies are based on collaborative control, thus requiring
a collaborative robot that senses external forces exerted over its body. A compliance control for
collision reaction is proposed, allowing the surgeon to push the robot arm to free space when
required while the position of the fetoscope tip is not altered. Finally, a co-manipulation control
is discussed to allow a physical guidance of the robot to the trocar insertion in the pre-operative
setup and post-operative removal (fetoscope extraction).

4.1 Obstacle avoidance strategy using robot redundancy
The usefulness of a redundant robot to maximize the dexterity of the manipulator has been
proved in section 3.2. As seen in the experiments outcomeswith the different boundary policies,
the lateral occupancy of the redundant robot can be controlled. Therefore, the redundancy of
themanipulator can be also used to optimize the occupancy of the shared human-robot surgical
space. In several stages of the surgical procedure of FLP, the space surrounding the robot is used
by an auxiliary surgeon, the sonographer or a nurse. Figure 26 shows a worst-case scenario,
where the robot has two surgery assistants at both sides. This scenario entails a high collision
risk.

Auxiliary medical staff can be considered as obstacles that must be avoided while the robot
continues with the ongoing task. The perception of the obstacles and their position can be given
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Figure 26: Representation of the space occupancy in the surgery room. Some of the redundant
joint configurations enter the medical staff space.

by an external sensory system (e.g. vision system). An obstacle avoidance strategy exploiting
redundancy can be used to create a safe shared space between medical staff and the redundant
robot.

In the proposed strategy, the lateral space occupancy of the robot is restricted with lateral dis-
tance bounds. Lateral bounds define the upper and lower bound of the external joint (q3) value.
When an obstacle approaches the robot, pushes the lateral bound from the obstacle’s side in the
opposite direction. In consequence, the allowed occupancy space of the robot is reduced. In
accordance to the multi-task hierarchical control proposed in section 2, this obstacle-avoidance
strategy is defined as a secondary task with higher priority than the manipulability optimiza-
tion task. Using this approximation, the optimization taskmaximizes themanipulability within
the permitted bounds defined by the obstacle-avoidance strategy.

To develop a smooth and safe robot reaction in the obstacle avoidance policy, not only the dis-
tance of the obstacle is taken into account, but also the approximation velocity. Boundaries
are defined as mass objects attached to an initial position via a mass-spring-damper node. The
obstacle generates a repulsive potential field. This force field generates a repulsive force that
pushes the boundary and free space for the obstacle (surgical staff). Figure 27 shows a schematic
representation of the behaviour of a boundary limit when an obstacle approaches.

The initial position of the lateral bounds are obtained from the maximum and minimum lateral
distance of the robot body in the redundant configurations at its initial position q0 (4.1).
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Figure 27: Representation of obstacle avoidance strategy exploiting redundancy and using po-
tential repulsive fields and mass-spring-damped boundaries.

Lbound0 = maxy
i

(q0i)

Rbound0 = miny
i

(q0i)

 ∀q0 | q30 ∈ (−π/2, π/2) (4.1)

When a force is applied to the body, the spring force is proportional to the displacement of the
mass while the viscous damped force is proportional to the velocity. The dynamic state of the
system is modelled by the equation

mẍ(t) + cẋ(t) + kx(t) = f(t) (4.2)

where m is the mass of the body, c the damping coefficient, k the spring constant and f(t) the
external force applied.

Being 4.2 a second order equation, its representation in the state space requires a reduction to
first order equation. Therefore, position and velocity are chosen as the state variables (4.3).

x =

[
x1(t)
x2(t)

]
=

[
x(t)
ẋ(t)

]
(4.3)

The state space is represented with the first-order differential equations of x and the output
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equation as the position parameter. Therefore it becomes

ẋ =

[
ẋ1(t)
ẋ2(t)

]
=

[
0 1

− k
m − c

m

][
x1(t)
x2(t)

]
+

[
0
1
m

]
F (t)

y =
[
1 0

] [x1(t)
x2(t)

] (4.4)

To ensure a stable behaviour of the mass-spring-dampers, the parameters k and c must make
the matrix A stable (4.5). As the mass-spring-model parametrizes k and c as positive values,
the eigenvalues of A will be always negative thus the matrix A will be stable (4.6).

A =

[
0 1

− k
m − c

m

]
(4.5)

λ = eig(A) =⇒ Re[λi] < 0 (4.6)

To solve the continuous-time differential equations in discrete-time, the implicit Euler method
(4.7) is used to approximate the discrete state-space equations (4.8).

ẋ(k) ∼=
x(k + 1)− x(k)

T
(4.7)

[
x1(k + 1)
x2(k + 1)

]
=

[
1 T

−kT
m

1−cT
m

][
x1(k)
x2(k)

]
+

[
0
T
m

]
F (k)

y =
[
1 0

] [x1(k)
x2(k)

] (4.8)

The potential field of the obstacle generates a repulsive force over the lateral boundaries when
the distance between them is smaller than a certain threshold. The threshold is defined as a
safety minimum distance between the medical staff and the robot. In this work this safety dis-
tance is defined as d0 = 0.5m. The force magnitude is proportional to the square of the distance
following the equation system

Frep =

kobst
(

1
dobst
− 1

d0

)
1

d2obst
if dobst < d0

0 if dobst ≥ d0
(4.9)

A simulated scenario is prepared where an obstacle approaches the robot while it is performing
an RMIS task to test and validate the obstacle-avoidance strategy. The staff member is repre-
sented by a cylinder with a diameter of 0.5 meters. The object approaches the robot from the
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Y + of the robot base frame, remains at a close distance and returns. The duration of the test
is t = 5s with a sampling time of T = 0.01s. Figure 28a shows the left and right boundaries
and their dynamic response when the object approaches. Figure 28b shows the repulsive force
generated by the object based on the distance to the boundary.

(a) (b)

Figure 28: Results from the test of the obstacle-avoidance strategy exploiting redundancy. a)
Displacement through the Y axis of the right lateral bound (red), left lateral bound (blue) and
object (yellow) during the experiment duration. b) Repulsive force generated by the object
(blue) and distance from the object to the left bound (red).

From the kinematics point of view, the displacement of the lateral boundaries affect the joint
boundaries of q3, which adapts to the allowed robot occupancy volume. Figure 29 shows the
value of the external joint in the obstacle-avoidance experiment alongside the external joint
boundaries.

Figure 29: Changes in redundant joint value and boundaries during obstacle-avoidance exper-
iment. The q3 upper boundary is represented in red, the q3 lower boundary in blue and the q3
value in yellow.
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The results show the expected behaviour of the robot with the obstacle-avoidance policy. Left
boundary moves away with a controlled motion when the object approximates and applies a
repulsive force. The displacement of the left bound restricts the minimum value of q3: from
−100◦ to almost 40◦. When the obstacle moves away, the left boundary returns to its original
position and, in consequence, the lower boundary of q3 recovers its original value. In terms of
control, the hard damper and the soft spring configuration ensures that the lateral bound reacts
to the object pushing force without significant overshoot, reaching fast the steady state without
oscillations and returning with a smooth transition.

The same experiment is simulated again, with the dynamicmanipulability optimization and the
obstacle-avoidance strategy activated. Both subtasks are performed simultaneously to the main
task (fetoscope tip trajectory)within their corresponding priority levels (dexterity optimization
has the lowest priority). Figure 30a shows the external joint value and its boundaries along the
task execution. The experiment shows the dynamic change of q3 within the lateral bounds.
Figure 30b shows the manipulability ratio between the two experiments. The results prove
the validity of the proposed priority-based hierarchy control architecture using the null-space
projection.

Figure 31 shows snapshots of the simulation of the obstacle-avoidance strategy exploiting the
redundant joint. It can be observed that the obstacle-avoidance subtask is performed indepen-
dently form the main task while the robot avoids the collision with the obstacle.

(a) (b)

Figure 30: Results of the obstacle-avoidance experimentwith dynamicmanipulability optimiza-
tion. a) Changes in redundant joint value and boundaries during obstacle-avoidance experi-
ment. The q3 upper boundary is represented in red, the q3 lower boundary in blue and the q3
value in yellow. b) Manipulability ratio between the two experiments, where w0 corresponds
to the previous experiment manipulability.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 31: Example of the collision-avoidance policy exploiting redundacy applied to a redun-
dant robot performing a RMIS task. From a) to l), snapshots in chronological order.
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4.2 Compliant control strategy using null-space motion
Collaborative strategies can be used to ensure surgeons’ safety when interacting with the robot.
Kinematic redundancy can be exploited to integrate a collaborative control in the null-space,
which do not interfere with the main task of the system (explained in eq. 2.2). A collabora-
tive control is proposed to react with compliance on human-robot physical interaction without
compromising the surgical task, thus providing a flexible workspace for the medical staff. In
the proposed scenario, a surgeon needs a region of the workspace that is occupied by the robot.
Without altering the TCP trajectory, the surgeon can physically push the robot arm to change
its configuration in order to free occupancy volume. Moreover, compliance control can manage
collisions reacting in a safe manner.

The proposed compliance control uses the integrated joint torques of collaborative robots to
sense an external torque (τEXT ) when the surgeon applies a force to the robot arm (FHRI).
This sensorization system allows to determine the exerted force on any point of the robot’s ge-
ometry. The compliance control is based on an admittance controller with damping coefficient
and spring stiffness as the one explained in 4.2. The spring stiffness models the opposing force
to the displacement and the return of the arm robot to the original configuration after the phys-
ical interaction. Stiffness can be set for no return (zero stifness), slow return (soft stiffnes) or
fast return (hard stiffness). When a force is applied, the robot configuration is displaced to the
direction of the force by means of an external joint offset computed in the compliance control
module. This q3 offset is introduced in the IK solver and forces a change on the occupancy vol-
ume of the robot. Figure 32 shows the overall control scheme of the system with the main task
and the compliant strategy.

Figure 32: Control structure the collaborative compliant control subtask.

To test and validate the joint compliance control, a simulated scenario is preparedwhere a push-
ing force is applied to the robot arm while it is performing an RMIS task. Human-robot inter-
action is simulated by an sphere that approaches the robot, from the Y + of its base frame, and
collides with it exerting a pushing force for a period of time. The same scenario has been simu-
lated with two different values of stiffness for different compliant behaviours of the robot arm:
zero stiffness for no return and moderate stiffness for a moderate return. The damping coeffi-
cient is the same for both simulations. The time duration of the test is t = 5s with a sampling
time of T = 0.01s.
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Figure 33 shows the results of both simulations. The left column (fig. 33a,c,e) shows the results
of the no stiffness compliance control, while the right column (fig. 33b,d,f) shows the the results
of the moderate stiffness compliance control. Figures 33a and 33b show the force applied over
the robot and the change in q3 value for the time history. Figures 33c and 33d show the joint
values in the test duration. Two dashed lines indicate the beginning and the end of the physical
interaction. To verify that the compliance control does not affect the main task, the trajectory
error of the TCP is analyzed during the physical interaction. Figures 33e and 33f show the
distance error in the Cartesian space between the real TCP position, computed with FK, and the
desired position of the trajectory. Again, two dashed lines indicate the beginning and the end
of the physical interaction.

The results of the experiment show the expected behaviour of the proposed compliant control.
When a force is exerted on the robot, the external joint value changes in a controlled manner.
This causes a change of the robot configuration in the null-space, which can be permanent or not
depending on the stiffness parameter of the compliant control. The lack of significant deviations
in the position error of the TCP validate the effectiveness of the projection of the compliance
control into the null-space. The stiffness parameter changes the behaviour of the manipulator
configuration when the force ceases. In future research, a dynamic stiffness parameter will be
studied to react properly to different interactions (e.g. accidental collision, deliberate push).
This stiffness parameter would be time-variant in function of the force exertion duration. Given
a physical interaction, the dynamic stiffness start at a high level and decreases its value toward
zero as the force is continued. Following this approach, for a accidental collision of short du-
ration, the high stiffness makes the robot return to the original position. On the contrary, if the
surgeon wants to free the working space pushing the robot to the other side, the force exertion
can be maintained over a few seconds to let the stiffness reach zero.

The simulations to test the compliance can be observed in figures 34 and 35. Both figures show
various snapshots of the simulation. The sphere that represents the physical interaction is col-
ored in red when there is a force exertion over the robot and in green when there is no force
applied. Figure 34 shows the compliance control with no return while figure 35 shows the com-
pliance control with return.
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(a) (b)

(c) (d)

(e) (f)

Figure 33: Results from the joint compliance strategy exploiting redundancy. Left column:
Compliance control with no stiffness. Right column: Compliance control with moderate stiff-
ness. a,b) Force exerted over the robot arm (red) and variation of the joint value of q3 (blue).
c,d) Joint values for the time duration of the experiment, with dashed lines that marks the be-
ginning and the end of the physical interaction. e,f) TCP position error in the Cartesian, with
dashed lines that marks the beginning and the end of the physical interaction.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 34: Compliant control exploiting null-space motion for human-robot interaction. Com-
pliant control with no return (soft damper and no spring). Red sphere indicates physical con-
tact.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 35: Compliant control exploiting null-space motion for human-robot interaction. Com-
pliant control with return (soft damper and soft spring). Red sphere indicates physical contact.
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4.3 Co-manipulation control strategy for manual operation.
Robotic teleoperation in RMIS has proven benefits in terms of precision, safety, dexterity, etc.
On the contrary, RMIS requires long setups, penalizing the surgical execution time and, conse-
quently, the surgical roomperformance. This drawback translates directly into higher economic
costs and less implantation of robotic systems inside the surgical room. The pre-operatory setup
and post-operatory removal of the robot can be optimized with manual operation of the robot
through co-manipulation. Co-manipulation is a collaborative approach that allows the sur-
geon to control the robot through manual guidance. Following the multi-task approach, the
co-manipulation control is treated as a task with the highest priority, complementary to the
teleoperated control, and performed in the task-space (see fig. 12).

A common approximation for co-manipulation control is the Computed Torque Method [38].
This method controls the robot via joint computed torques with the inverse dynamics model

M(q)q̈ + C(q, q̇)q̇ + g(q)− τEXT = τ (4.10)

where M(q) ∈ Rn×n is the inertia matrix, C(q, q̇) ∈ Rn is the Coriolis and centrifugal effects,
g(q) ∈ Rn is the gravity force on the robot, τEXT ∈ Rn represents the external torques exerted
on the robot and τ ∈ Rn the control internal torques.

This control method is optimal for low-level control and is commonly used (e.g. in [43]-[44])
as it does not change the physical magnitude between the input and output (both forces). How-
ever, the HATTTS teleoperated system operates on a higher control layer with a position-based
control. Therefore, a different approach to the torque control is needed to implement the co-
manipulation strategy.

The proposed co-manipulation control is based on an admittance controller, a commonly used
position-based control method in HRI. The admittance controller, defined in eq. 4.2, transforms
an input force into a position displacement of the controlled device with damped and stiffness
behaviour. The implemented co-manipulation control (fig. 36) uses the integrated end effector
force sensor of the collaborative robot (KUKALWR) to sense the external forces (FEXT ) exerted
by the surgeon when moving the end effector manually (FHRI). The force sensor measures
any applied external force and torque on the end effector (FX , FY , FZ , FRoll, FPitch, FY aw). The
co-manipulation control computes the new Cartesian pose of the end effector in the direction
of the force and torque. Equation 4.11 defines the adapted admittance control used for co-
manipulation, where the stiffness parameter is null as free motion is desired.

MẌ +DẊ = FEXT (4.11)

whereM ∈ Rn×n and D ∈ Rn×n are the mass matrix and the damping matrix respectively. To
compute the displacement X , the implicit Euler discretization (see equation 4.7) is used in the
differential equation 4.11. The new Cartesian pose of the end effector Xd, given by the forced
displacement, is sent to the IK solver to compute the robot configuration. The result of the co-
manipulation control is a passive behaviour of the robot. Moreover, the admittance control can
be constrained to a singular axis ofmotion. For example, for the tool insertion and extraction the
admittance control can be restricted to the Z axis of the tool. The ZTool movement constrain is
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useful to insert and guide the fetoscope inside the trocar during the set-up pre-operative phase.
The same schema can be applied to extract the fetoscope during the post-operative phase.

Figure 36: Control structure for the co-manipulation collaborative strategy

The co-manipulation control has been tested in simulation. The robot starts in a given posi-
tion qi =

[
0 π/18 0 − π/12 0 π/3 0

]
. As the manual guidance can be difficult to model, the

physical interaction is simulated with a force and torque vector over the end effector. The sim-
ulation has a duration of t = 2swith a sampling time of T = 0.01s. Figure 37a shows the value
of the force vector over time. Figure 37b shows the joint values of the manipulator for the test
duration.

(a) (b)

Figure 37: Results from the test of the co-manipulation strategy. a) External forces and torques
exerted on the tool tip. b) Joint values.

In the real system, the force measures are filtered by the control to avoid hand tremor. Ad-
ditionally if the system receives a force vector with an opposite direction as the previous one,
the control stores the force vector without applying it. In the next step, if the new force vector
received has the same direction as the stored one, the stored vector is then introduced into the
control. This approach is useful to avoid noise in the force lecture and perform a continuous
motion. The force vector is on hold just for a sampling time period. Excessive delay in the force
application causes a loss in the user sensation of control.

Figure 38 show various snapshots of the simulation of the co-manipulation strategy. The exter-
nal force vector is represented with a red arrow. External pitch torque is not represented.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 38: Co-manipulation control for physical guidance of the robot. The red arrow indicates
the force vector exerted on the end effector.
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5 Integration of a KUKA LightWeight Robot in HATTTS
This section describes the integration of a KUKA LWR4 in the HATTS teleoperation platform.
The current platform uses an Staübli RX60b, a industrial 6 DoF serial robot, in the slave station.
This robot presents several limitations in terms of reachable workspace, dexterity and lack of
compliant capabilities. All these restrictions generated the need of a redundant and compliant
robot. The KUKA LightWeight Robot 4 is a valid solution to the system requirements. The
proposed new robot is a redundant and collaborative robot that will allow the integration of
the developed multi-task control strategy.

The KUKA LightWeight Robot (fig. 39) is a 7 DoF serial manipulator developed through a re-
search collaboration between the German Aerospace Center (DLR) and KUKA Roboter. The
partnership between KUKA and DLR began in 1991 with the concept of a small lightweight
robot with a weight-to-payload ratio of 1:1, contrary to the heavy standard robots at that time.
The KUKA LWR 4 is the fourth generation lightweight robot, with major characteristics like
kinematic redundancy, anthropomorphic arm-shape, torque measurements in all joints, pro-
grammable compliance at joint and Cartesian levels and active vibration damping [45].

Figure 39: The Kuka LightWeight Robot 4 with KUKA Robot Controller (KRC) and KUKA
control panel (KCP)

5.1 Advantages of KUKA LightWeight Robot 4
This section offers a comparison between the current robot in the HATTTS system, a Staübli
RX60b, and the KUKA LWR4. Table 1 shows a comparison of the main features between the
two robots. Unlike the Staübli RX60b, the KUKA LWR4 is a 7DoF redundant robot that offers a
workspace according with the FLP surgical requirements. The disposition of the robot together
with the RCM and the working space causes the Staübli to easily fall into singularities and joint
limits. The result is a limited workspace and, consequently, a limited applicability in real sce-
narios. Redundancy avoids the LWR4 to fall in singularities and reach joint limits. Apart from
the kinematic redundancy, other characteristics of the KUKA LWR4 are interesting. The KUKA
LWR has integrated torque sensors in each joint, enabling the implementation of collaborative
control strategies.
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Regarding the implementation of the platform in the operating room, the monophasic power
supply of the KUKA LWR4 allows the robot to enter in a surgery room, since it is forbidden
by regulation the use of any electrical system powered at 400 V, as required for Staübli robot.
In previous phases of the project, this was one of the main reasons why it was not possible to
start the experimentation on animals. Also, the reduced weight facilitates the transport and
implantation in the operating room.

Table 1: Comparison of main features of KUKA LWR4 and Staübli RX60B

Feature Staübli RX60b KUKA LWR 4
Num. DoF 6 7
Max. Payload 4.5 kg 7 kg
Weight 44 kg 15 kg
Repeatability ± 0.02 mm ± 0.05 mm
Integrated Torque Sensors No Yes
Power Supply 400 V 220 V

The loss of repeatability due to robot replacement does not affect the system, since the require-
ments in this respect are much lower (±0.5 mm is considered enough). Besides, the variation
of the RCM and the flexibility of the fetoscope causes a loss of accuracy. However, the control
loop of the tool positioning is done by the user’s vision in free navigation mode or by computer
vision when automatic precision adjustment is needed (e.g. relocation and anastomosis).

5.2 Software integration
The integration of the KUKA LWR4 into the HATTTS system is done using the Fast Research
Interface (FRI) library. The FRI interface gives direct low-level real-time access to the KUKA
robot controller from an external system. The FRI interface is composed of a C++ library, for the
external computer, the KUKA Robot Language (KRL) library and drivers for the KUKA Robot
Controller (KRC) The KUKA KRL is the proprietary programming language used to control
KUKA robots. The KUKA KRC is the universal controller unit for all KUKA robots. Figure 40
shows an overview of the system architecture.

Figure 40: Diagram of FRI control architecture. Figure source from [45].
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Based on Ethernet UDP protocol, the FRI interface allows the user to control the robot andmon-
itor its status from an external PC.When a external computer establishes a FRI connection to the
KRC, the monitor mode allows the reception of the robot status data (e.g. joint angle, Cartesian
position, external torque) whereas the commandmode allows to send control commands to the
robot (fig. 41). To ensure safety, the FRI interface measures the quality of the communication
between the external computer and the KRC and restricts the commandmode if its not suitable.
(fig. 42).

Figure 41: State machine for FRI monitor and command mode. Figure source from [46].

Figure 42: Statemachine of the data transfer quality and the allowedmodes. Figure source from
[46].

The FRI library has been dealt with in the laboratory before. In a previous project, an appli-
cation was developed that simulated the KUKA teach pendant using FRI. From the graphical
user interface of this application (fig. 43), the robot can be moved by setting joint values or
Cartesian positions, the user can set the stiffness and damping parameters for the Cartesian or
Joint impedance control and virtual forces and torques can be generated. This application has
been used as reference when using the FRI library.
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Figure 43: Graphic user interface simulating theKUKALWR teach pendant using FRI. Available
at the laboratory prior to this project.

As each robot has its own programming language and requires different protocols in commu-
nications and data processing, the replacement of the slave robot is not immediate. The main
control module of the systemmust be adapted tomatch the new robot communication protocol.
The solution proposed relies on the development of an intermediary software layer, between the
HATTTS central control module and the KUKA controller. This intermediary software gives an
abstraction layer that works as an interpreter, managing the data exchange between the robot
and the system and adapting the data bus to the communication protocol of each system. Fig-
ure 44 shows a scheme representation, based on the communications scheme of the HATTTS
system shown in figure 6, of the integration of the KUKALWR4with the intermediate layer into
the control architecture of HATTTS. This solution has been used in previous projects, enabling
the use of different robots without the need of altering the developed high level controls or pro-
gramming dedicated software specific for each robot. The interpreter is already implemented
for the Staübli and ABB robots of the laboratory. The new version of interpreter incorporates
the stiffness control and the 7DoF joint control of the robot.

Figure 44: Integration of the KUKA LWR4 into the control architecture of the HATTTS system
using a intermediary abstraction layer
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Following the client-server structure of the control architecture of HATTTS, the interpreter is
integrated as a server module running in a PCwith Ethernet connection to both the central con-
trol module and the robot controller. The interpretermodule has a dialog-basedGUI developed
in Visual Studio 2017. This GUI gives information of the status of the module (e.g. connection
succeeded, errors), the robot (e.g. joint values, Cartesian position, external torques), the FRI
connection (e.g. status, quality, power, control mode) and the server socket (e.g. status, client
address, server address, port). The information is presented together with a color code, for a
quick understanding of the overall status. The FRI status shows red when is closed, blue in
monitor mode and green for command mode. The server socket shows red when is closed,
blue when is open and green when a client is connected. The quality of the FRI communica-
tion shows red when is "unacceptable", orange when is "bad", light green when is "OK" and
dark green when is "perfect". The power shows green when the robot has the motors power
enabled and red otherwise. Behind the user interface, a multi-thread process handles the com-
munication between the two systems. Figure 45 shows a snapshot of the developed GUI for the
interpreter server.

Figure 45: Graphic user interface for the interpreter module.

The interpreter connection to the central control module is done using a TCP/IP server socket
using the winsock2.h library. The central control module connects to the interpreter module
as a client and sends and receives data as string vectors. The command string vector have a
fixed length and contain in the first position an integer that corresponds to a code ID. This
code number indicates the control action to perform, which can be motion (e.g. incremental
Cartesian, incremental joints, absolute Cartesian, incremental in tool axis) or communication
(e.g. open connection, close connection, reset). In order to ensure that the data package has not
been corrupted, the command vector has a last value that corresponds to the checksum. The
checksum value is the sum of the data vector multiplied by the code ID. When the interpreter
receives a message from the central control module, first decodes the control action and then
performs the checksum. If the checksum is equal to the one in the data vector the package
has not been corrupted and the command action is performed. The interpreter replies to the
central control module with a data vector that contains the robot pose, the joint values, the
external joint torque and the external TCP force and torque. The received motion commands
are defined position or joint goals. In case of incremental motion, the goal is calculated from the



66 Master’s degree in Automatic Control and Robotics

position data received from the robot plus the increment. The communication protocol follows
the specification of previous interpreters ensuring the compatibility with previous versions.

The major inconvenience is that the FRI library defines the Cartesian pose from the homoge-
neous transformation matrix of the end effector [R3×3P3], whereas the central control module
defines the Cartesian pose with the position and the set of Euler angles ZYZ. The interpreter
manages the conversion of the Cartesian pose representation.

The FRI threadmanages the communicationwith the robot. The FRI library provides an update
function that sends a command data vector and receives a robot data vector. When the central
control unit communication thread sets a position goal, the FRI thread calculates in each step the
error between the current and goal poses. To ensure smooth robot movements, the interpreter
imposes a maximum step increment (0.001 rad/step) and divides the motion in a number of
sub-steps equal to the maximum individual error divided by the step increment. This allows
the robot reach all the components of the goal pose or joint configuration in coordination.

The interpreter module starts the application opening a FRI connection with the KUKA LWR4.
If the quality of the FRI connection is good, then the application opens a server socket. The
central control module connects to the interpreter server socket as a client. If the FRI connection
is in monitor mode, the central control is informed that it cannot send commands and only
receives the state of the robot. If the FRI connection is in commandmode the interpreter accepts
the motion commands from the central control module. If the robot’s power is on, the motion
commands are performed by the robot. The state machine of the interpreter module is shown
in figure 46.

The interpretermodule has been tested and validated to check its correct operation. From the in-
terpreter module, the robot has beenmoved through the FRI library while collecting the robot’s
data. The TCI/IP server-client connection and communication has also been validated, receiv-
ing the messages, decoding and replying the robot’s state data and error information. The last
test consisted in receiving of a motion command from the client, the execution on the robot and
the reply with status information. This last test was also successful and the interpreter module
was considered operational.
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Figure 46: Finite State Machine representation of the interpreter module.
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6 Project Budget
This section presents the budget needed to develop this project. The duration of this project
has been around six months. It is not expected from this project’s work a direct profit, but an
advance in research that can lead, in a future, to develop a commercial platform for FLP by
means of technology transfer.

Table 2 lists the items needed during the development of the project, with a brief description and
its estimated price. The actual cost has been calculated as the proportional part of the total cost
based on usage time (6 months). For non-current assets like the robot, laboratory installations
and medical equipment, the cost calculation considers depreciation at 5 years.

Table 2: Project budget.

Item Desciption Full Price € Cost €
HATTTS Robotic assisted surgical

teleoperation platform * *

Robot KUKA LWR 4 30.000 3.000

Software Development tools annual license
(Matlab, Visual Studio, ...) 2.500 1.250

Laboratory installations Office, laboratory equipment,
supplies and workstation 12.000 1.200

Researcher Robotics Engineer student annual salary 15.000 7.500
Medical equipment Fetoscope, trocar, placenta phantom 20.000 2.000
Total 79.500 14.950

* The current system is the result of several projects that have evolved over the last 10 years and
it is not possible to calculate a specific cost.
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7 Project impact
This section briefly discusses the impact of this project in the society, the economy and the
environment.

The HATTTS teleoperated platform is a novel robot-assisted surgery system with notable im-
provement in patient safety. The robot-assisted surgery decreases the procedure duration, re-
ducing the exposure of the patient (mother and fetus) to anesthesia. The system optimizes
the localization and proper coagulation of the anastomosis at the same time that reduces the
placenta coagulated area. Moreover, the teleoperation system improves the ergonomics of the
main surgeon, and consequently, the precision of movements reducing the collision risk.

Furthermore, the HATTTS system can ease the introduction of fetal surgical techniques in hos-
pitals that do not perform this procedures. The system reduces the complexity of the procedure
and the required skills. The overall work done in this project enhances the capabilities of the
HATTTS system and takes it closer to the operating room. The future use of this system or other
similar systems will directly benefit society by saving lives of at-risk fetuses.

The contribution of this work to the HATTTS project is based on the incorporation of a redun-
dant and collaborative robot and the different control strategies that allow exploiting the bene-
fits of the robot. The improvement in dexterity decrease the probability of damages on the fetus
or the uterus that can require re-interventions or longer hospital stays and recovery times. The
co-manipulative strategy decreases the required operating room time with an agile set-up and
removal process, reducing the cost of the procedure.

Regarding the environmental impact of the project, the development of this work has required a
significant amount of electricity. The energy consumption has come mainly from the use of the
KUKA LWR, and also from the large number of simulation computation sessions. The future
use of the teleoperation platform in the surgery room will lead to a major electrical power con-
sumption. However, the reduction of the surgery time decreases the use of the rest of electrical
systems used in the procedure.
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8 Future Work
Due to the closing of university installations, for the general Covid-19 lock down, this project
has been deprived of the possibility to test the developed work into the real system. Although
the integration of the KUKA LWR4 into the system has been done, the test of the developed
control strategies with the new robot was not possible. The first task, that will be developed
immediately after the conclusion of the lock down, will be the implementation of the developed
control into the real system. Secondly, an experimental phase to test the control modules in the
real systemwill began. The surgeons involved in the project will test and validate the usefulness
of the proposed control schemes in simulated surgery. Once obtained the validity in dry lab,
a new phase of the project will began with the execution of tests in animals. The animal tests
will be carried out in the animal facilities of the Bellvitge hospital, where they have been held
previously.

Furthermore, part of the work developed in this project is intended to be presented as a confer-
ence paper in the oncoming Conference onNewTechnologies for Computer and Robot Assisted
Surgery (CRAS 2020).
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9 Conclusions
Robotic Minimally Invasive Surgery is a well established technique that improves safety, preci-
sion and control in surgery. Thiswork presents the integration of a set of improvements at a high
level of control for a robot-assisted surgery teleoperation system oriented to FLP. This improve-
ments are based on the use of a redundant and collaborative robot to optimize the dexterity of
the robot and the safety and agility of the procedure.

This work has improved this teleoperation surgery system proposing a multi-task control ap-
proach to implement secondary tasks that benefit the system in terms of dexterity and human-
robot interaction. This multi-task approach is based in the exploit of kinematic redundancy to
perform subtasks in the null-space, without interfering in the main task.

The improvement of dexterity has been achieved developing algorithm for dynamic optimiza-
tion of the manipulability using redundancy. The results show a significant improvement of
manipulability in regions of the workspace close to a singularity. The safety in the shared
workspace has been improved by means of human-robot interaction strategies. This work de-
veloped and tested an obstacle-avoidance strategy that exploits redundancy to reconfigure the
arm of the robot to free space for the medical staff involved in the surgery. Furthermore, this
work developed and tested a joint compliance control that allow the surgeon free the workspace
pushing the robots arm, besides controlling collision reaction. Moreover, a compliance control
is proposed to manually guide the robot, optimizing the setup of the surgery which leads to a
reduction of the surgery cost.

All improvements can work together thanks to a hierarchical multi-tasking control that allows
to execute the main task simultaneously to the secondary ones without being affected. The
different proposed configurations in the control mode allow to modify the behaviour of the
robot according to the specific needs of each phase of the surgery.

Finally, the proposed control scheme is integrated into the fetal surgery teleoperation system
implementing a software layer into the system control that allows the use of a redundant and
collaborative robot.
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