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Preface

Introduction

The purpose of the Telehealth and Mobile Health handbook is to provide a reference that
is both concise and useful for biomedical engineers in universities and medical device
industries, scientists, designers, managers, research personnel, and students, as well as
healthcare personnel, such as physicians, nurses, and technicians, who use technology
over a distance. The handbook covers an extensive range of topics that comprise the sub-
ject of distance communication, from sensors on and within the body to electronic medi-
cal records. It serves the reference needs of a broad group of users—from advanced high
school science students to healthcare and university professionals.

Recent development in digital technologies is paving the way for ever-increasing use
of information technology and data-driven systems in medical and healthcare practices.
Hence, this handbook describes how information and communication technologies, the
Internet, wireless technologies and wireless networks, databases, and telemetry permit
the transmission of information and control of information both within a medical cen-
ter and between medical centers. Recent developments in sensors, wearable computing,
and ubiquitous communications have provided medical experts and users with frame-
works for gathering physiological data on a real-time basis over extended periods of time.
Wearable sensor-based systems can transform the future of healthcare by enabling proac-
tive personal health management and unobtrusive monitoring of a patient’s health con-
dition. Wireless body area networks permit a comfortable tank top with sensors to use
wireless local area networks (e.g., Wi-Fi and Bluetooth) to continuously transmit to other
systems such as smartphones, and then from any location, such as home, away from home,
on the streets, or a nursing home, to a medical center for analysis of cardiac arrhythmias
and ventilation. For example, a simple remotely located base unit can continually collect
and locally integrate many incoming signals such as electrocardiography, oxygen satura-
tion, heart rate, noninvasive blood pressure, temperature, and respiration, and provide
the information required for detecting any possible emergency cases for the patients. The
medical center can then accommodate all complementary and bulky systems, including
telemedicine-enabled equipment such as intensive care units, intelligent analyzers, and
automatic recorders plus a professionally managed database system supported by a pro-
fessional service provider.

Today’s technology allows clinical processes to be conducted at a distance; hence, it is
an enabler, but in itself, the technology is not telemedicine. Telemedicine can be thought
of as the tasks that the clinician carries out (such as observing, consulting, interpreting,
and providing opinions), assisted by information and communication technologies, in cir-
cumstances where there is distance between the patient and the provider. Put succinctly,
modern telemedicine is simply medicine at a distance.

This handbook also intends to bridge the gap between scientists, engineers, and medi-
cal professionals by creating synergy in the related fields of biomedical engineering,

ix
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information and communication technologies, network operations, business opportuni-
ties, and dynamically evolving modern medical and healthcare practices. It includes how
medical personnel use information and communication technologies, as well as sensors,
techniques, hardware, and software. It gives information on wireless data transmission,
networks, databases, processing systems, and automatic data acquisition, reduction, and
analysis and their incorporation for diagnosis.

The chapters include descriptive information for professionals, students, and workers
involved in eMedicine, telemedicine, telehealth, and mHealth. Equations in some chapters
also assist biomedical engineers and healthcare personnel who seek to discover applica-
tions and solve diagnostic problems that arise in medical fields not in their specialty. All
the chapters are written by experts in their fields and include specialized information
needed by informed specialists who seek to find out advanced applications of the subject,
evaluative opinions, and possible areas for future study.

Organization

The handbook is organized into two volumes and each volume in sections.
The sections in Volume 1 are

Section I: Integration of eMedicine, Telemedicine, eHealth, and mHealth
Section II: Wireless Technologies and Networks

Section I1I: Sensors, Devices, Implantables, and Signal Processing
Section IV: Implementation of eMedicine and Telemedicine

Section I contains information on the integration of modern eMedicine, telemedicine,
eHealth, and telehealth. The interactions between these practices are explained and
examples are given. Wireless technology, an essential part of telemedicine, is explained in
Section II, with a particular emphasis on the fast deploying wireless body area networks.
The state of the art on sensors, devices, and implantables is explained in Section III, while
Section IV is dedicated to practical applications of all the information given in Sections I
through 111, ranging from telecardiology and teleradiology to teleoncology and acute care
telemedicine.
The sections in Volume 2 are

Section I: Medical Robotics, Telesurgery, and Image-Guided Surgery
Section II: Telenursing, Personalized Care, Patient Care, and eEmergency Systems

Section III: Networks and Databases, Informatics, Record Management, Education,
and Training

Section IV: Business Opportunities, Management and Services, and Web Applications

Section V: Examples of Integrating Technologies: Virtual Systems, Image Processing,
Biokinematics, Measurements, and VLSI

We are all aware of telesurgery implementation as a routine process while the patient
and the surgeon may be continents apart. This is explained in Section I, with emphasis
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on medical robotics and image guidance. Remote patient care, personalized care, and
telenursing can be found in Section II. For an effective remote care, the use of networks,
data management, record management, and the education and training aspects of person-
nel are given in Section III. Implementation of new technologies in eMedicine and eHealth
bring many business, management, and service opportunities as explained in Section IV.
Examples of emerging technologies, developing engineering, and scientific contributions
are given in Section V. For example, the sound understanding of biokinematics has led to
successful implementation of brain-controlled bionic human parts such as bionic arms and
hands.

Locating Your Topic in the Telehealth and Mobile Health Handbook

Select your topic, skim the Contents, and peruse the chapter that describes your topic.
Consider the alternative methods of distance communication with each of their advan-
tages and disadvantages prior to selecting the most suitable method. For more detailed
information, consult the Index, since certain principles of eMedicine, eHealth, mHealth,
telemedicine, and telehealth may appear in more than one chapter.

MATLAB® is a registered trademark of The MathWorks, Inc. For product information,
please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508 647 7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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1.1 Introduction to Medical Robotics

What can be considered or not considered a medical robot is still under debate. The narrow-
est definition includes only those devices encompassing a robot or a robotic system which
are used for a direct medical purpose, i.e., for surgical and radiation therapy and for reha-
bilitation, disregarding, for example, the assistive devices and the person carriers used in
hospitals. By far, it is recognized that robots for surgical and radiation therapy belong to the

3
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professional service robots, while assistive and rehabilitation devices may be robots for personal
care if a professional is not needed for their use. Groups of members of the International
Standard Organization (ISO) and the International Electrotechnical Commission (IEC) are
working to properly define medical robots. ISO has been traditionally responsible for indus-
trial robot standards, while IEC has been largely involved with medical electrical equipment
standards (e.g., the IEC 60601 family of standards). An ISO-IEC joint group, JWG9, has been
working on these topics in the last five years and branched in the mid-2015 in two new
groups: JWG35, medical robots for surgery, and JWG36, medical robots for rehabilitation.

1.1.1 Definitions and Standards

The international standard ISO 8373:2012, “Robots and Robotic Devices—Vocabulary,”
prepared by the Technical Committee (TC) ISO/TC 184 (Automation Systems and
Integration) Subcommittee SC 2 (Robots and Robotic Devices), specifies the vocabu-
lary used in relation with robots and robotic devices operating in both industrial and
nonindustrial environments. It provides definitions and explanations of the most com-
monly used terms. According to this document, a robot is an “actuated mechanism
programmable in two or more axes with a degree of autonomy, moving within its envi-
ronment, to perform intended tasks.” It “includes the control system and its interface
with the operator.” The classification of a robot into an industrial robot or a service robot
is done according to its intended application. Service robots perform useful tasks for
humans or equipment excluding industrial automation applications, which include,
but are not limited to, manufacturing, inspection, packaging, and assembly. Among
service robots, service robots for professional use include those used for a commercial
task, usually operated by a properly trained operator, as, for example, cleaning robots
for public places, delivery robots in offices or hospitals, fire-fighting robots, rehabilita-
tion robots, and surgery robots in hospitals. In the case of medical robots, ISO 8373
defines the different role of the operator, i.e., a person designated to start, monitor, and
stop the intended operation of a robot, the surgeon, for example, and the recipient or
beneficiary, i.e., a person who interacts with a service robot to receive the benefit of its
service, such as a patient receiving care from a medical robot.

1.1.2 Historical Perspective

The history of robots is quite recent in almost all the fields. In fact, notwithstanding the
dreams of humans about slave automata dating back to the Middle Ages, like the golem
was, and the drawings of automated warriors of Leonardo da Vinci, the word robot itself
was coined in science fiction R.U.R. (Rosumovi Univerzdlni Roboti), written by the Czech
writer Karel Capek only in 1920.

The first real robots, Unimation’s Programmable Universal Machine for Assembly
(PUMA), entered automotive factories in 1961 (General Motors), and 25 years later, at the
time when industrial robots started to be endowed with vision capacity, a PUMA 200 was
used for the first robotic biopsy [1-2]. This project started at the Memorial Medical Center
in Long Beach, California, United States, and was discontinued due to the safety rules set
out by the manufacturer for the PUMA robots that were designed to operate when sepa-
rated by a physical barrier (fence) from people, as occurs in industrial settings. The copres-
ence of robots and humans in the operating room (OR) is still an issue nowadays and it is
tackled with lightweight devices, body sensors, joint sensors, environmental surveillance
cameras, modulation of the stiffness, etc. During the years, some ideas and inventions
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have worked and been expanded upon, while others have fallen by the wayside or become
obsolete, mainly because of the difficulty of the market: high development cost (including
preclinical studies and clinical trials), difficult actual demonstration of outcome improve-
ment for the patient, hard safety standards, and patent monopoly.

Rehabilitation and assistive robotics stemmed from the common field of rehabilitation
engineering. Within its subtopics, robotics has been applied to individuals with musculo-
skeletal and neurological diseases. The aims are mainly to recover or improve the motor
control in congenital or acquired neurological diseases and assisting in strengthening
and restoring functionality in the impaired muscle groups and the skeleton. Most of the
work and development in rehabilitation robotics was initially oriented toward musculo-
skeletal diseases, although recently, the applications within the neurological field have
been increasing based on recent insights of brain plasticity being enhanced by the use of
robots. Rehabilitation engineering dates back to the development of functional prostheses,
which can be considered the foundation of rehabilitation robotics, but the actual field of
robotics in rehabilitation engineering officially started with powered human exoskeleton
devices in the ‘60s. This research began in the United States and the former Yugoslavia,
each with a different goal [3], i.e., to augment human capabilities on one hand and to help
severely disabled people on the other. A research topic that is common among all medical
robotics advancements is the enhancement of the human-machine interface, where it is
needed either for executing a complex surgical procedure or for deciding how an activity
of daily living (ADL) can be performed by a severely impaired subject. This is actually the
critical part for it is strictly connected to the safety of the user. Safe and easy-to-use upper-
limb and lower-limb robotic devices are available nowadays for neurological rehabilitation
and assistance with interfaces ranging from residual electromyographic (EMG) activity to
brain—computer interfaces (BCls).

1.2 Surgical Robots

If we look at the current panorama of surgical robots, we see some major players sharing
the market, which is mainly divided by applications, which drive, in turn, the require-
ments of the systems outlined in the following paragraphs.

1.2.1 General Requirements

Requirements for surgical robots are expressed in terms of safety provisions, which
deeply involve risk analysis, and essential performance, both depending on the specific
application. There are mainly two reasons for which the surgical robots, as in general
medical equipment, should be carefully specified in terms of risk and effectiveness. The
first is because a robot is a machine and, thus, can hurt the patient and the operators. The
patient, in particular, can be severely or fatally hurt since often the robot is in close con-
tact with the patient’s inner organs. The second requirement is of paramount importance
since the effectiveness of a therapy can make the difference between a healthy life and
morbidity or death. Also in this case the essential performance specification depends
on the clinical procedure. In the middle lies the autonomy of the system. Autonomy, in
fact, allows effectiveness only when the decision time for a movement is too short to be
approved by the operator, but, on the other hand, maneuvers that are wrong in a given
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situation can put the patient at risk. This kind of autonomy can be justified only by the
benefit-to-risk ratio (as we will see for robots in radiation therapy). All these requirements
vary with the application since the criticality of errors or misuse strongly depends on it.
As an example, neurosurgery is more demanding in terms of accuracy than orthopedics:
a 5 mm error hip joint center location can permanently damage important areas on the
brain cortex, leading to a permanent functional loss, while no loss occurs in less than 1°
of error in femur functional axis positioning.

Clause 4.2 of IEC 60601-1 general standard requires that manufacturers enforce a risk
management system compliant with ISO 14971. The manufacturer must define what consti-
tutes acceptable levels of risk and demonstrate that all risks associated with the device are
acceptable in accordance with its own risk acceptance policy. Test data, clinical research,
and scientific literature, used for risk analysis, must be placed in the risk management
file. Clause 4.3 of IEC 60601-1 requires the manufacturer to identify essential performance
by applying risk management. To determine which aspects of a device’s performance are
essential, it is first necessary to list all aspects of performance as potential hazards (i.e.,
sources of harm). For each function, the manufacturer must determine whether operation
in excess of or below the specified level of performance would result in harm. The levels
of performance at which harm would occur define the boundary of essential performance.
If variation in a given performance characteristic does not result in injury, then it is not
an essential performance. On the other hand, failure to provide essential performance by
definition results in unacceptable risk. Essential performance must be guaranteed under
specified fault conditions of any subsystem. Medical robots require (typical of the medi-
cal devices) the ability to move and interact with the patient’s body and the operator(s).
Potential harm could be due to pinching, impacts, etc., which can be also fatal if in direct
contact with vital organs (e.g., brain injuries). In this respect, also essential performance
in trajectory execution or fidelity in reproducing movements in teleoperation must be well
controlled in the risk analysis.

1.2.2 Control

Several simple and combined control methods have been developed for robots that can
be exported to the field of medical robotics. The following subsections describe the most
used in the field.

1.2.2.1 Position Control

Position control is the most popular control mode in robotics. The Cartesian pose of the
end effector is specified and the robot controller uses the actuators to reach it. A pose is
a set of six independent variables that define the position of the reference frame’s origin
of the end effector and three angles that define the rotations around the world coordinate
axes. Rotations can be represented in alternative ways with angle—axis or quaternion nota-
tion. In order to achieve such a pose, it should be turned into the joint space rotational,
(i.e., the independent variable is a rotation, or prismatic, and, the independent variable is
a translation). This is done through inverse kinematics that can be computed iteratively
or analytically. For moving from one pose to another, at least the starting and the ending
poses should be specified and the via points optionally.

Each transformation from a pose to another is of the type reported in Equation 1.1, where
x, ¥, and z are the translations between the origins of the two reference frames P1 and P2
and the three-by-three submatrix R (r;)) is the rotation matrix between the two:
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Notice that the terms 7;; of the submatrix R are functions of the angles between the axes
of two reference frames, so the actual independent variables are three and not nine. The
notation of Equation 1.1 means that T is the tensor transforming poses from reference
frame P1 to reference frame P2. Tensors can be inverted to reverse the transformation
and chain multiplied to combine different transformations. In the multiplications the right
upper index of the first matrix must equal the lower right index of the second.

For the purpose of defining the direct kinematics of a robotic link chain, a very conve-
nient transformation is given by the Denavit-Hartenberg notation [4].

Interpolators compute a series of intermediate points, in space and time, compatible with
the maximum torque or force available at the joint motors. For dynamic control, a precise
mechanical model of the robot is needed in order to compute the torques or forces to be
applied to actuators in order to follow a given trajectory. Sensors (typically optical encod-
ers) at the joints allow closing the loop of the controller. Position control loop, usually
provided by the manufacturer in a rather optimized way, can be exploited as the kernel for
the synthesis of more complicated control schemes.

1.2.2.1.1 Tool Holders

Tool holders are commanded in their target position through a position control of the
robot. They are used chiefly in image-guided surgery (IGS). In IGS a preoperative plan,
usually defined on two-dimensional (2D) or three-dimensional (3D) medical images, is
transferred to the surgical environment, thanks to a registration procedure, using track-
ing devices (spatial localizers). The plan can be also intraoperatively defined, on the basis
of intraoperative measurements on the patient anatomy (e.g., in orthopedic surgery) or on
the basis of intraoperative acquired images (e.g., in laparoscopy). In all the cases in which
the surgical instrument must be precisely aligned with the preoperative plan (e.g., probes
in stereotactic procedures in neurosurgery or cutting edges in orthopedics), robots can
provide an accurate and repeatable alignment tool. Safety in these robots is guaranteed
by continuous approval of the motion (quite slow) by the operator through the operation
of a pedal.

Here we present several commercially available robots used for surgical tool positioning,
which we classify on the basis of the used registration method. The registration defines the
geometrical transformation between the preoperative plan and the intraoperative envi-
ronment in which the task is defined.

The ROBODOC® system (Curexo Technology Corporation, Fremont, Canada) [5] and the
MAKOplasty® (MAKO Surgical Corp., Fort Lauderdale, United States) [6], used in ortho-
pedic arthroplasty procedures, are both registered to the intraoperative environment by
touching pins screwed in the bones, visible in preoperative computed tomography (CT)
images, with the robot tool center point (mechanical localization).

Intraoperative X-ray images are used for the target registration in the CyberKnife®
system (Accuray Inc., Sunnyvale, California, United States), which is used for radiation
therapy procedures. CyberKnife compensates also for patient/organ motions during the
irradiation using real-time digital radiographies. This compensation cannot be confirmed



8 Telehealth and Mobile Health

by the operator since it happens too fast. This is an example of robot autonomy, which is
allowed because not using it would be more harmful to the patient (wrong target) than the
possible errors of the machine.

The neuromate® system (Renishaw Ltd., United Kingdom), used to position depth elec-
trodes in the brain for stereoelectroencephalography (SEEG), is registered to the intra-
operative target (the patient’s head) using intraoperative fluoroscopic images. The same
approach is used by SpineAssist (Mazor, Cesarea, Israel), a parallel miniaturized platform
for pedicle screw insertion. This class of systems is registered by images. The ROSA™
(Medtech, France) system, used in neurosurgical endoscopy, SEEG, and biopsy, acquires
the patient head surface by using a laser scanner and surface-matching techniques during
the registration procedure.

1.2.2.1.2 Steering Needles and Intraluminal Devices

One particular application of robotic devices in surgery is the capability of operating with
flexible probes in tissues or cavities. The advantage of using steerable probes in tissues, for
biopsies or drug release, is to reach deeply seated targets hidden by sensible areas. There
are several approaches to the steering in the bulk of tissues. When a needle with an asym-
metric tip is inserted into a solid tissue, the shape of the tip and its interaction with the
medium creates an imbalance in lateral force. If the tissue does not deform significantly,
the resultant steering force causes the needle tip to follow a circular arc, and if the needle
is flexible relative to the medium, the rest of the needle shaft will follow the same path [7].
Similarly, in another work [8], the authors devised and tested a means of generating curvi-
linear trajectories by spinning a needle with a variable duty cycle (i.e., in on—off fashion).
The technique can be performed using image guidance and trajectories can be adjusted
intraoperatively via the joystick. Cadaver testing demonstrated the efficacy of the needle-
steering system and its precision down to 2 + 1 mm. The bevel tip steers against tissue resis-
tance only. This assumption does not hold in cerebral parenchyma, so a different approach
has recently been proposed by Ko and Rodriguez [9], which uses a multisection flexible
probe in which only one section, out of four, moves forward and uses the other three as
a stable guide that does not push against the tissue. Extrusion of the section regulates
the trajectory curvature. The control of these systems is based on a nonholonomic model,
resembling the trajectory of a planar bicycle with limited steering angle. Another family of
steering probes has been designed for moving in cavities by exploiting multi-degrees-of-
freedom (DoF) snake robots [10], which use a hybrid tendon-micromotor actuation scheme
coupled via an internal ring gear and concentric prebent nitinol tubes [11], which twist
when extruded from the parent container tube. A different approach is crawling motion
over the organs, as in the HeartLander [12], a miniature mobile robot designed to navigate
over the epicardium of the beating heart for minimally invasive therapy (Figure 1.1). The
HeartLander is an inchworm-like robot crawler that uses suction to grip the epicardial
surface of the heart and the drive-wire actuation of the tandem body sections to generate
motion. The tethered design of the crawler allows for the transmission of relatively high
suction and drive-wire forces from external instrumentation. Each body section is 5.5 x 8 x
8 mm?, giving the crawler a length of 16 mm when fully contracted.

1.2.2.2 Shared Control

Surgical robots can also be used in a shared-control mode with the surgeon and be in
direct contact with the tissue. When the robot has to interact with the so-called environ-
ment (i.e., hard or soft tissues or user interaction), it is necessary that the robot controller
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FIGURE 1.1
HeartLander, a miniature mobile robot designed to navigate over the epicardium of the beating heart for mini-
mally invasive therapy. (Courtesy of Nicholas Patronik.)

provides the force needed to overcome the resistance of the environment or to comply with
it, assuring system stability. Different control schemata have been implemented to achieve
specific desired dynamic behaviors of the manipulator. Active interaction control strate-
gies can be divided into “direct force control,” i.e., the desired motion and desired contact
force and moment need to be specified in a consistent way with respect to the geometrical
constraints imposed by the environment, and “indirect force control,” i.e., force control is
achieved via motion control without requiring in principle the explicit closure of a force
feedback loop and, thus, measurements of the contact force [13].

1.2.2.2.1 Admittance/Impedance Control

In the indirect force control schema, the mechanical impedance/admittance of a manipu-
lator is set with the following relationship between effort and motion about a nominal
end-effector trajectory x,:

£= K(x - x,) + B(x - X,) + M(X - %,) (1.2)

where £ is a vector of forces and torques acting on the manipulator due to contact with the
environment; x, X, and x are the linear and angular motions of the end effector and their
derivatives; and K, B, and M are the stiffness, damping, and inertia matrices.

Since f is identically zero if x — x, is zero during the time, the trajectory x, is interpreted
as the noncontact end-effector trajectory [14]. In absence of interaction, this control scheme
makes the end effector follow the desired motion; in the presence of contact with the envi-
ronment, a compliant dynamic behavior is imposed on the end effector, according to the
stiffness, damping, and inertia matrices. These parameters can be selected to correspond
to various manipulation task objectives [15]. We define control “in impedance causality”
(torque-based impedance control; Figure 1.2) if it reacts to motion deviation by generat-
ing forces, while we define it as a “controlled in admittance causality” (position-based
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Torque-based impedance controller. x is the robot actual pose in the task space computed from the actual joint
configuration q with the forward kinematics (FK) block; J is the robot Jacobian; x,, is the desired pose in the task
space; X, is the equilibrium pose of the environment; K, is the net stiffness of the sensor and of the environment;
f, and 7, are the external environment forces expressed in the task space and in the joint space, respectively;
f, is the desired force vector; 1, is the desired torque vector computed from the force equilibrium; 7 is the torque
input vector of the inner torque control loop; and t,, is the commanded motor torque vector. The command force
fis defined as f = Z(x, — x), where Z is the impedance matrix. When the environmental forces are available (dot-
ted lines), the measurements are used to decouple the dynamic of the system.

impedance control; Figure 1.3) if it reacts to interaction forces by imposing a deviation from
the desired motion (where the robot speed is the controlled variable). The first approach is
better suited to keep contact forces small and for application where manipulation gravity
loads are small and the motion is slow. The precise dynamic manipulator model needs to
be available and the joint inner loop must be provided at high rate.
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FIGURE 1.3

Position-based impedance controller. x is the robot actual pose in the task space computed from the actual
joint configuration q with the FK block, x, is the desired pose in the task space, x, is the equilibrium pose of the
environment, K, is the net stiffness of the sensor and of the environment, f, is the external environment forces
expressed in the task space, f, is the desired force vector, q, is the desired joint configuration computed with
the inverse kinematic (IK) block, and t,, is the commanded motor torque vector. The command trajectory x, is
defined as s.x, = Z7\(f, — f,), where Z! is the admittance matrix and s is the argument of the Laplace transform.
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Conversely (Figure 1.3), the second approach focuses more on desired force tracking
control [16]. It suffers from the inability to provide very “soft” impedance, while it is fitting
in cases where stiff joint position control is required, e.g., for high-accuracy positioning in
specific Cartesian direction [14].

1.2.2.2.2 Active Constraints

Another human—-machine interaction class is the active constraint, also called virtual fix-
ture, virtual wall, and electronic tunnel. The concept of active constraints was first intro-
duced by Rosemberg [17] as an overlay of abstract sensory information on a work space in
order to improve human performance in direct and remotely manipulated surgical tasks
in order to increase the system safety. Recently, Bowyer et al. [18] presented a classification
of different types of constraints in regional/guidance, attractive/repulsive, and unilateral/
bilateral constraints. In case of regional and repulsive constraints, the system control pre-
vents the robot to overcome predefined space regions either if the robot is manually driven
(i.e., the controller nullifies the motion that violates a constraint applying a force to the
user) or if the robot is remotely operated (only motion components which do not violate a
constraint are allowed by the controller).

There are several constraint enforcement methods (see Figure 1.4 for their classification).
In the simpler implementation, the effect of the constraint (i.e., the force f ) is computed as
a function of the proximity of the end effector from the closest point on the constraint and
of the velocity of the robot tool center point approaching, such as

fc = kp(pconst - Pee) (13)

where £, is the constraint force vector, k, is the proportional gain, and p,, and p,, are the
closest points on the constraint and the tool center point position [18].

In this case the constraint works as a spring connecting the two points, so with posi-
tive kp the force is attractive, enforcing guidance, and with kp negative the force is repul-
sive, enforcing a repulsive constraint. Regional constraints require the use of nonlinear
functions. When the constraint geometry varies in time due to physiological or voluntary
movement, this is commonly referred as “dynamic active constraints” [19].

1.2.2.3 Cooperative Control

In cooperative-controlled (or hands-on) systems, the surgeon and the robot share the con-
trol of the surgical system and this is particularly suited where high positional accuracy
is required (e.g,, retinal surgery) or when both manual and robotic-assisted operations are
performed in different surgical work-flow steps (e.g., in orthopedic surgery). In the first
category we can find the steady-hand eye robot [20], which is an actively and cooperatively
controlled robot assistant designed for retinal microsurgery. Cooperative control allows
the surgeon to have full control of the robot, with his hand movements dictating the dis-
placement of the robot. Also, the micron device was designed as a fully handheld instru-
ment by MacLachlan et al. [21] and Yang et al. [22]. This handheld robot (see Figure 1.5) can
actively compensate in real time for the motion due to hand tremor.

In the second category we can find back-drivable serial arms that can be manually
positioned by surgeons. Transparency, which quantifies the ability of a robot to follow
human movements without requiring any human-perceptible resistive force drive, is one
of the major issues in the field of human-robot interaction for assistance in manipulation
tasks [23]. Cooperatively controlled robotic systems are used in robotic surgery, e.g., the
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FIGURE 1.5
Micron: six-degree-of-freedom handheld tremor-canceling microsurgical instrument. (Courtesy of Robert
MacLachlan.)

RIO system (MAKO Surgical, now owned by Stryker Corp.) and ROBODOC (Curexo
Technology) for orthopedic surgery, the ROSA system (Medtech, Montpellier, France) for
neurosurgery, and needle-insertion devices [24].

1.2.2.4 Teleoperation

Teleoperation has been used to control robots in hostile (nuclear plants and disaster relief)
or remote environments (space, underwater, and aerial). In medical robotics, teleoperation
achieves the following goals:

* Motion scaling (joined with magnification of visual field)
e Tremor filtering
¢ Ergonomic position of the operator, even for tools working in uncomfortable positions

e Expansion of hand-wrist range of movement

Teleoperation encompasses a master—slave architecture in which the motion/force
impressed on the master side is reflected to the slave side. The master side can just be
a position reference, but it can also reflect forces experienced at the slave side, possibly
scaled up—down, through the use of haptics.

1.2.2.4.1 Haptic Devices

Haptics is a tactile/kinesthetic feedback technology that provides the sense of touch, giv-
ing information on the material properties of an object (such as stiffness, texture, weight,
size, orientation, and curvature). The haptic stimulation can be tactile (achieving cuta-
neous feedback through mechanoreceptors stimulated by passive pressure or by current
injection) and kinesthetic (achieving force feedback revolving around muscle receptors’
engagement through an active touch).

The computational task in haptic rendering is to generate feedback information that
is relevant to particular applications. Whether this information should refer to forces,
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displacements, or a combination of these and their derivatives is still the object of debate.
Tactile sensitivity depends on size, density, frequency range, nerve fiber branching, and
type of stimulation (skin motion or sustained pressure). The force exerted must be greater
than 0.06 to 2 N/cm? [25]. For simulating tactile sensations, a haptic display must

* Maintain active pressure for the user to feel a hard surface after initial contact;

e Maintain a slight positive reaction against the skin after initial contact for soft
surfaces (without active pressure or relative motion); and

® Provide some relative motion between the haptic surface and the skin to accu-
rately display texture.

Kinesthesia allows the perception of limb movement and position together with the per-
ception of force. This sensory perception originates primarily from muscle mechanorecep-
tors. The differential threshold for force perception averages 7%-10% over a force range of
0.5-200 N [26]. Discrimination deteriorates for forces smaller than 0.5 N, with the threshold
increasing to 15%—27%. Forces as small as 0.14-0.2 N can still be distinguished.

A proper haptic interface depends on the particular surgical task to be accomplished.
There are stylus-type interfaces in which the surgeon grips a scalpel-like protrusion or wear-
able glove-type interfaces. The haptic device is also characterized by its work space (range
of motion that is mechanically allowable by its structural design which should match the
human limb), size, encoder resolution, and maximum force. The mechanism should have
low inertia, high stiffness, and good kinematic conditioning through the work space: high
transmission ratios and kinematic singularities. The latter can be avoided, maximizing
manipulability, the mechanism isotropy, and the force output in the worst direction [27].

Rotary optical quadrature encoders are typically used as position sensors on the joints
of haptic devices. They are integrated with rotary motors, which serve as actuators. Force
sensors are used in haptic devices as the operator input to an admittance-controlled device
or as a mechanism for canceling device friction in an impedance-controlled device.

1.2.2.4.2 Master—Slave Control

In the telerobotic system the master side is operated by the human operator and the master
movements are replicated on the slave side. If the slave is under position control and if the
master and slave kinematics are similar, the kinematic coupling between master and slave is
achieved with a straightforward mapping transformation, once a perfect coupling is achieved.

In surgical applications, the master and the slave kinematics are often dissimilar, espe-
cially because the master is interfaced to the human user, while the slave has to operate
in, e.g.,, a mini-invasive environment. In case that they also have different dimensions, the
work space has to be mapped and scaled, consequently.

Also, the user observes the operating scene on a separate monitor, which replicates the
scene observed by an on-field video camera (often 3D). A mapping procedure is, there-
fore, needed: the slave position and orientation should be measured relative to the camera,
while the master position and orientation should be measured relative to the user’s view.

In the position-position control architecture, a proportional-derivative (PD) controller is
usually implemented:

fm = _Km(xm - xmd) - Bm (xm - xmd) (14)

fs = _Ks(xs - xsd) - Bs (xs - )ksd) (15)
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where f,, and f, are the master and the slave forces, respectively; x,, and x, are the master
and the slave positions, respectively; x,,; and x,; are the master and the slave desired posi-
tions, respectively; x,, and x, are the master and slave velocities, respectively; and x,,; and
X, are the master and slave desired velocities, respectively. K,, and K, and B,, and B, are
the position and velocity gains, respectively.

In the position—force architecture, the force measured at the slave side is fed back to the
user. In such architecture, a force sensor is fixed at the tip of the slave robot and, therefore,

fm = fsensor (1'6)

fs = _Ks(xs - xsd) - Bs (xs - ).(sd) (17)

where f . is the sensor-measured force.

Transparency describes how close the user-perceived impedance comes to recreating
the true environment impedance. However, this architecture is less stable; there might
be lags in slave motion tracking or delay in communication or in the control loop can be
very high; e.g., a small motion command can turn into a large force if the slave is pressing
against a stiff environment.

A common tool that avoids some stability issues is the concept of passivity, which pro-
vides a sufficient (not necessary) condition for stability: a system is stable if energy is dis-
sipated instead of generated; i.e,, the output energy from the system is limited by the initial
and accumulated energy (i.e., the integral of power over time, where power is computed
as velocity times the applied force) in the system. Without the human operator, telerobotic
systems are passive if they interact with a passive environment. It can be demonstrated
that position-position architecture is inherently passive [28].

A well-known commercial system using master—slave architecture for laparoscopy is
the da Vinci® (Intuitive Surgical, Inc., Sunnyvale, California, United States). The master
haptic and visual station is shown in Figure 1.6 together with a single-port three-arm
slave. Currently the da Vinci has no force feedback on the master.

FIGURE 1.6
The Intuitive da Vinci master and slave stations (single port). (Courtesy of Intuitive Surgical, Inc., Sunnyvale,
California.)
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1.2.2.4.3 Simulators for Training

Surgical simulators are being developed to teach both the behavioral and procedural
aspects of medicine and surgery. Procedural simulators stress the cognitive reasoning that
goes into successful completion of a surgical intervention, often incorporating physiologi-
cal response and anatomic findings that can influence a surgeon’s intraoperative decision.
They can also improve the fidelity of behavioral simulations of tasks and emergencies and
provide an objective assessment of trainee performance [29].

Airline pilots train for commercial jet flight on huge, expensive, high-fidelity simula-
tors that recreate the attitude of the plane in flight in response to pilot maneuvers. These
high-complexity simulated environments improve the fidelity of behavioral simulations
of tasks and emergencies. Simultaneously, simulator performance provides an objective
assessment of trainee performance [29]. In the United States, the Accreditation Council for
Graduate Medical Education (ACGME) currently requires general surgery training pro-
grams to maintain simulation laboratories and many U.S. medical schools are construct-
ing dedicated simulation centers for teaching both behavioral and procedural aspects of
medicine and surgery [30]. Procedural simulators stress the cognitive reasoning that goes
into the successful completion of a surgical intervention, often incorporating physiological
response and anatomic findings that can influence a surgeon’s intraoperative decisions.
Many players are active in this dynamic market, such as, amongst others, CAE Healthcare,
Immersion, Mentice AB, Simbionix, VirtaMed, Surgical Science, and GMV Healthcare.
Simulators are designed for a large variation in procedures including epidural proce-
dures, needle biopsy, endoscopy, endovascular procedures, laparoscopic interventions,
and colonoscopy.

In the field of neurosurgery, the Dextroscope (Bracco, Princeton, New Jersey) simula-
tor is designed to support surgical evaluation and decision making for different types
of interventions, including intracranial aneurysm clipping and temporal bone surgery
[31]. The first neurosurgery haptic simulators have focused on navigation for ventriculos-
tomy catheter placement [32]. The NeuroTouch system [33] allows performing soft-tissue
manipulation such as tumor debulking and electrocautery. The interface mimics the bin-
ocular microscope and provides haptic feedback. Bleeding and even brain pulsation are
simulated [34]. Azarnoush et al. [35] presented a pilot study with innovative metrics to
assess neurosurgeons’ performance using the NeuroTouch platform with simulated brain
tumors.

Several different simulators have been developed, including those for ventriculostomy,
neuroendoscopic procedures, and spinal surgery, with evidence for improved performance
in a range of procedures. Feedback from users has generally been favorable. However,
study quality was found to be poor overall, with many studies hampered by nonrandom-
ized design, presenting normal rather than abnormal anatomy, lack of control groups and
long-term follow-up, poor study reporting, lack of evidence of improved simulator per-
formance translating into clinical benefit, and poor reliability and validity evidence [36].

1.2.3 Recent Developments

In the field of neurosurgery, the most important commercialization attempt is currently
being done by IMRIS (Canada), which is trying to put the neuroArm system [37-38] in
the market. The research in the field was started in 2001 by the University of Calgary
and MacDonald, Dettwiler and Associates Ltd., which defined the project requirements
for a teleoperated system for robotic neurosurgery magnetic resonance imaging (MRI)
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compatible and agreed on the overall feasibility of the project. The primary neurosur-
geon requirement is to have access to sophisticated imaging data, such as intraoperative
MRI, without interrupting the surgical procedure. After the manufacture and testing of
the first neuroArm prototype, a company was established, neuroArm Surgical, to hold
the neuroArm intellectual property (IP) (i.e., to create value for the product through IP
protection, paving the way for future commercialization). The system is composed of
two MR-compatible robotic arms, seven DoFs, and each titanium joint is equipped with
two absolute encoders. Each end effector is equipped with six-DoF force/torque sensors
(Nanol7, ATI). The system has an open-loop control configuration with piezoelectric
motors (1 m/s—200 mm/s of velocity range). By 2013, the system was tested on 35 brain
tumor cases.

In other fields, such as laparoscopy, the trend is toward single-port devices to reduce
invasiveness and toward natural orifice transluminal endoscopic surgery (NOTES) [39] to
completely avoid scars. Other groups are working on devices that can be assembled inside
cavities (e.g., stomach or abdomen), where they perform their job, then disassembling
and exiting the body, as in the case of Assembling Reconfigurable Endoluminal Surgical
System (ARES) project [40]. The ARES robot was designed to self-assemble inside the body
after patients swallows up to 15 parts. In using a modular approach, each of these plays
roles in image control, communications, structural functions, and diagnostics while form-
ing the structure needed to carry out a particular operation. Each module is around 15 mm
in diameter and 36 mm in length, and each represents a single pill to be ingested by the
patient. A series of other European Union (EU)—funded project are currently researching
the cutting edge of the robotic surgery. Links to the following projects are available on
the Active Constraints Technologies for Ill-defined or Volatile Environments (ACTIVE)
project website [41]: Accurate Robot Assistant (AccuRobAs), Array of Robots Augmenting
the Kinematics of Endoluminal Surgery (ARAKNES), Cognitive Autonomous Catheter
Operating in Dynamic Environments (CASCADE), Colonic Disease Investigation by
Robotic Hydro-colonoscopy (CODIR), European Robotic Surgery (EuRoSurge), Intelligent
Surgical Robotics (I-SUR), Nano-Actuators and Nano-Sensors for Medical Applications
(NANOMA), Remote Medical Diagnostician (ReMeDi), Robot and Sensors Integration
as Guidance for Enhanced Computer Assisted Surgery and Therapy (ROBOCAST),
Patient Safety in Robotic Surgery (SAFROS), Smart Catheterization (SCATh), Stiffness
Controllable Flexible and Learnable Manipulator for Surgical Operations (STIFF-
FLOP), Micro-Technologies and Systems for Robot-Assisted Laser Phonomicrosurgery
(LRALP), and Versatile Endoscopic Capsule for Gastrointestinal Tumor Recognition
and Therapy (VECTOR).

1.3 Rehabilitation Robots
1.3.1 Introduction: Why Robots in Rehabilitation?

The ability to deliver high-dosage and high-intensity training is the most relevant advan-
tage of using robots in rehabilitation. Research into rehabilitation robotics has been
growing rapidly, and the number of therapeutic rehabilitation robots has increased dra-
matically during the last two decades [42]. Stroke is a major cause of chronic impaired
motor functions and may affect many activities of daily living. Physical and mental
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training helps in improving the recovery of poststroke patients and reducing their dis-
ability. Thus, there exists an urgent need for new inpatient and outpatient rehabilitation
and training strategies that match the specific needs. Stroke in the field of therapeutic
rehabilitation is generally assumed as the target pathology because of its high preva-
lence and the good perspectives of recovery, making it the most relevant target for the
industrial market. Neuroplasticity is the basic mechanism underlying improvements in
functional outcomes after stroke and most movement disorders. Therefore, one of the
most important goals of rehabilitation is the effective use of neuroplasticity for functional
recovery, leveraging over the intrinsic capability of the nervous system to learn. The
principles of therapeutic rehabilitation are goal setting, high-intensity practice, and task-
specific training. Overall, high-dose intensive training and repetitive practice of specific
functional tasks are the crucial ingredients for neuromotor recovery. Robotic training
allows people to practice a task more intensively by making the task safe, allows partici-
pants to progress in task difficulty and to achieve the desired movements, and, thus, may
serve to motivate repetitive, intensive practice by reconnecting intention to action. These
requirements make stroke rehabilitation a labor-intensive process. Robotic therapy needs
to control the robots so that the exercises induce and facilitate motor plasticity, in order
to improve motor recovery. However, how this goal can best be achieved is still matter of
discussion and of scientific research [43].

1.3.2 The Mechanical Design: Exoskeleton versus End-Effector
Robots—Some Examples

Two categories of robotic devices are used for rehabilitation: end-effector-type devices and
exoskeleton-type devices. End-effector devices apply mechanical forces to the distal seg-
ments of the limbs. In the case of gait end-effector robots, the patient’s feet are placed
on footplates, whose trajectories simulate the stance and swing phases during gait train-
ing. They have the advantage of easy setup but suffer from limited control of the proxi-
mal joints of the limb, which could result in abnormal movement patterns. On the other
hand, exoskeleton-type robotic devices have robot axes aligned with the anatomical axes
of the subject. These robots provide direct control of individual joints, which can minimize
abnormal posture or movement. Their construction is more complex and more expen-
sive. Gait exoskeletons are outfitted with programmable drives or passive elements, which
move the knees and hips during the gait phases over predefined trajectories, set over
physiological profiles. However, since the gait pattern that occurs within a robotic ortho-
sis limits the legs and pelvis movements (exoskeleton-assisted approach), it might lead
to changes in naturally occurring muscle activation patterns. Examples of end-effector
devices assisting gait are the G-EO System [44], the LokoHelp [45], the HapticWalker [46],
and the Gait Trainer GT I [47]; end-effector devices for upper limbs are the MIT-Manus
(InMotion ARM) and the Reo Go (Figure 1.7). Examples of exoskeletons for gait training
are the Lower Extremity Powered Exoskeleton (LOPES) [48] and the Lokomat [49], whereas
examples of exoskeletons for upper limbs are the Armeo and the ARMin and for the hand
is the Gloreha (Figure 1.8).

1.3.3 The Problem of Control

Control algorithms represent the core of the robot and aim at implementing strategies to
provoke plasticity. Marchal-Crespo and Reinkensmeyer [43] have defined four categories
of robotic devices depending on the type of control algorithms: assisting, challenge based,
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FIGURE 1.7

Examples of end-effector-based system for rehabilitation: (a) InMotion ARM (Interactive Motion Technologies),
(b) InMotion HAND (Interactive Motion Technologies), and (c) Gait Trainer GT I (Reha-Stim). (Courtesy of
Interactive Motion Technologies, Watertown, Massachusetts, and Reha-Stim, Berlin, Germany.)

FIGURE 1.8
Examples of exoskeleton type devices for rehabilitation: (a) Armeo®Power (picture: Hocoma, Switzerland),

(b) Gloreha (picture: Idrogenet, Italy), and (c) Lokomat (picture: Hocoma, Switzerland).
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haptic solutions simulating normal tasks, and coaching. Clearly, in some cases multiple
strategies could be combined and used in a complementary fashion.

Assistive controllers mimic the “active-assist” exercises performed by rehabilitation
therapists and help the patients to move their affected limbs along desired trajectories.
The basic concept of assistive controllers is that when the participant moves along the
desired trajectory (or inside a deadband around it), the robot just follows the patient in a
transparent way, whereas if the patient deviates from the dead band, the robot creates a
restoring force, which is generated by mechanical impedance. The rationale for assistive
control for motor plasticity is that physically demonstrating the desired movement may
help a participant learn how to achieve the pattern; indeed it provides a novel somato-
sensory stimulation that helps induce brain plasticity. Further, creating a reference pat-
tern of sensory input may facilitate the motor system in relearning the correspondent
sequence of motor output. Repetition of this normal pattern might reinforce it, improving
unassisted motor performance. On the other hand, there is also a history of motor con-
trol research that suggests that physically guiding a movement may actually decrease
motor learning for some tasks [50]. The reason is that the dynamics of the assisted task
is not the real target movement, since assistance usually cancels at least part of the effort
(for example, to reduce the weight of the limb or of the body to be supported). Guiding
the movement also reduces the burden on the learner’s motor system to discover the
principles necessary to perform the task successfully, and sometimes prevents the sub-
ject from exploring strategies, different from the physiological one, which could best suit
their status. Guiding movement also appears in some cases to cause people to decrease
physical effort during motor training [51]. These findings have been termed “the slack-
ing hypothesis™ a robotic device could potentially decrease recovery if it encourages
slacking, i.e., a decrease in motor output, effort, energy consumption, and/or attention
during training. In order to avoid this attitude, a commonly stated goal in active assist
exercise is to provide assistance as needed, which means to assist the participant only
as much as is needed to accomplish the task. Exemplary strategies to encourage partici-
pants’ effort are self-initiated movements or to trigger the assistance only when the sub-
ject achieves a force or a velocity threshold, making the robot compliant, or including
a forgetting factor in the robotic assistance [52-53]. Providing weight counterbalance to
a limb is another assistance strategy that has been developed [54]. In this context, also
surface electromyographic signals (SEMGs) have been proposed to trigger the assistance,
so to be able to recognize the subject’s intention also when the weakness is still very high
and does not produce a visible and measurable motion. Alternatively, to assure a com-
plete alignment between the subject’s intention and the assisting forces, “proportional
myoelectric control” for the arm movements or for walking has been developed [55-56].
With this approach the robot compensates for weakness, generating a force proportional
to the EMG signal needed to accomplish the task. However, there are some limitations to
the use of EMG signals: sensitivity to electrode placements, muscles crosstalk, etc., which
result in the need to recalibrate the EMG parameters for every individual and for each
experimental session. In addition, in case of complex tasks, such as upper-limb reaching,
the number of EMG channels to fully control the tasks would be very high and the redun-
dancy between muscles makes the control system very challenging. For this reason, only
solutions with a reduced number of DoFs and simple tasks have been exploited, making
the learned task farther from the natural one, but anyway allowing a good relearning of
the control of the limb.

The assistance-as-needed approach is often based on the use of adaptable control param-
eters, which have the potential advantage that the assistance can be automatically tuned to
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the participant’s individual changing needs, both throughout the movement and over the
course of rehabilitation [52,57-58].

Challenge-based controllers can be described as a continuum of the assistive control-
lers, passing from a compensation strategy to a resistive approach, making the movement
tasks more difficult or challenging. Examples include controllers that provide resistance to
the participant’s limb movements during exercise [59-60], require specific patterns of force
generation, or increase the size of movement errors (error-amplification strategies) [61]. The
rationale focuses on the idea that bigger errors can be easily captured and more easily cor-
rected as well as that more ample tasks are best controllable, then resizing the level of force
is the second stage of learning but the muscular pattern is the same. Haptic simulation
refers to the practice of ADL movements in a virtual environment. Haptic simulation has
flexibility, convenience, and safety advantages compared to practice in a physical environ-
ment [62]. Finally, coaching controllers deal with robots that provide directions to exercises
but do not really interfere with the patient’s execution of the task.

1.3.4 Impact on Clinical Practice and First Evidence-Based
Studies of Rehabilitation Robotics

Conclusive scientific evidence about the benefits of using robot training in rehabilitation
has not been reached yet, but some robust studies have been published so far. Since the
kind of treatments, the target population, the assisted motion, and the robot-control algo-
rithms are very different from study to study, the reported results cannot be summarized
into unique and clear guidelines on the best treatments. Overall, the results are either that
robotic training is comparable to conventional training or that it achieves greater or faster
improvements. The economic reasons that support the use of robotic training to assure
high-dosage treatments to the population that is ever growing in number and disability in
the so-called aging society make the use of robotic training a potentially interesting solu-
tion in most of the rehabilitation hospitals in Western countries. Nonetheless, it is worthy
to provide a brief review over the studies so far published on the clinical impact of reha-
bilitation robotics.

Considering end-effector gait-training devices, two studies conducted on patients with
chronic stroke reported comparable effects on gait function between robot-assisted ther-
apy and conventional gait training [63-64]. On the contrary, five trials which enrolled
patients with subacute stroke demonstrated that robot-assisted therapy in combination
with conventional physiotherapy produced greater improvement in gait function than
conventional gait training alone [65-69]. About exoskeleton devices, results in literature
are contrasting. Hidler et al. [70] concluded that the diversity of conventional gait-training
interventions appeared to be more effective than robot-assisted gait training for improv-
ing walking ability. However, other reports documented similar or superior effects of
robot-assisted therapy in combination with conventional physiotherapy versus conven-
tional therapy alone on gait recovery, especially in patients with subacute stroke [71-72]. In
2009, a study recruiting a larger number of participants concluded that locomotor therapy
by using robot devices in combination with regular physiotherapy produced promising
effects on gait function in patients with subacute stroke in comparison with regular phys-
iotherapy alone [73]. Therefore, robot-assisted therapy with exoskeleton devices may not
be able to replace conventional physiotherapy for improving gait function in patients with
stroke but rather is recommended for use in combination with conventional physiotherapy,
preferably in the subacute stage. However, there is insufficient research on the additional
effect of robot-assisted therapy on gait function in the chronic stage of stroke.
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Regarding upper-limb robotic training, a Cochrane review including 19 trials (enroll-
ing a total of 666 participants, poststroke patients) was published in 2012 [74]. Their main
results were that robot-assisted arm training did improve activities of daily living (stan-
dardized mean difference [SMD] 0.43, 95% confidence interval [CI] 0.11 to 0.75, P = 0.009,
I? = 67%) as well as arm function (SMD 0.45, 95% CI 0.20 to 0.69, P = 0.0004, I?> = 45%), but
arm muscle strength did not improve (SMD 0.48, 95% CI —0.06 to 1.03, P = 0.08, I> = 79%).
Electromechanical and robot-assisted arm training did not increase the risk of patients
dropping out (risk difference [RD] 0.00, 95% CI -0.04 to 0.04, P = 0.82, I? = 0.0%), and
adverse events were rare. However, the results must be interpreted with caution because
there were variations between the trials in the duration and amount of training, type
of treatment, and the characteristics of the patients. The most relevant study in terms
of population size in the literature was conducted by Lo et al. and involved 127 chronic
stroke patients [75]. They observed that robot-assisted therapy and conventional therapy
produced similar amounts of improvement after 12 weeks of treatment. However, after
36 weeks of therapy, the robot-assisted therapy achieved greater motor improvement than
did conventional therapy.

1.3.5 Perspectives and Challenges

Overall, robotic technology has entered the clinical practice in rehabilitation; the major
reason is that in an aging society the labor-intensive practice required for rehabilitation
needs a one-to-one approach in the conventional therapy approach and this strongly limits
the capability to deliver high-dosage and high-intensity treatments, which are absolutely
recognized as the major positive elements for the recovery process. The possibility to con-
tinuously refine the robotic control algorithms so as to manage best the exercises in order
to facilitate neuroplasticity and favor the process of relearning of the nervous system is the
most relevant challenge in the design of robotic devices. In this view, one very interesting
perspective that has started to be explored is the combination between robotic assistance
and neuromuscular electrical stimulation. In induced artificial muscle contraction, possi-
bly the residual capability of the patients and robotic assistance cooperate with each other.
Once these elements are harmonized, the task becomes safe, immersive, goal oriented, and
under the volitional control of the subject, providing not only a sensory normative refer-
ence but also a muscular reference pattern to the brain of the patients, combining the best
blend for motor recovery. Unfortunately, hybrid systems are still not easy to set up and
operate, and the long procedures are still the major barrier which prevents translation to
clinical practice [76-78].

The other major perspective of robotic treatments in therapeutic rehabilitation is in
the direction of home-based treatments with remote control. Of course, it is well known
that especially poststroke patients would benefit from intensive training throughout
their life and especially during the first months after the brain lesion. However, eco-
nomical sustainability limits the duration of hospital admission and also the outpa-
tient treatments are limited in time and often reduced by the consequent burden on
the families. The possibility of training family members for home rehabilitation is a
major challenge for the future. The use of robotic technology in this perspective would
assure the possibility of safe and controlled training with limited supervision, possi-
bly without any formal caregivers, depending on the patient’s status. Some research is
currently ongoing at the border between assistive technology and therapeutic robotic
devices, but still few examples are available and mostly at the research prototype
level [79].
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1.4 Assistive Robots
1.4.1 Introduction

The International Classification of Functioning, Disability and Health defines assistive
technology as “any product, instrument, equipment or technology adapted or specially
designed for improving the functioning of a disabled person.” The recent advances in the
robotics field have also influenced assistive technology. Several robots that assist individu-
als with disabilities have been developed and some of them are becoming commercially
available. This trend is fostered by the rapid aging of the population, which results in a
larger number of elderly and chronically impaired subjects, who require social and health-
care services, as well as in a smaller number of informal caregivers (i.e., relatives) and
workers to financially sustain health and social services.

Assistive robots (ARs) are becoming more affordable, functional, and aesthetically pleas-
ing systems; they enhance mobility, independence in ADLs, vocational tasks, communica-
tion and cognitive abilities, and social integration and participation, improving self-image
and life satisfaction [80]. However, for a system to be accepted and utilized it is crucial to
meet the unique needs of each single user [81]. For this reason, on one hand the users’ per-
spective has been increasingly included in the technology design, and on the other hand it
is important for the healthcare providers to be aware of the available systems and to avoid
improper device prescription.

ARs can be divided into the following [80]:

* Physical assistance robots (PARs), i.e., contact assistive robots that provide physical
or mechanical assistance in order to help the user perform specific tasks

* Socially assistive robots (SARs), i.e., contactless assistive robots that are perceived
as social entities which communicate with the user, providing physiological and
cognitive support

Since this chapter deals with medical robotics, in what follows we will focus only on PARs.

1.4.2 Physical Assistance Robots

PARs are designed to increase independence and function in physical tasks. PARs can be
classified into the following:

* Mobility robotic aids, such as powered and/or smart wheelchairs, lower-limb exo-
skeletons, and active orthoses and prostheses, which improve the mobility level
of the user

* Robots for ADL support, which include systems that support the user in perform-
ing upper-limb functional tasks (e.g., wheelchair-mounted robot arms, upper-limb
prostheses, and exoskeletons), feeders, and vocational robotic workstations

1.4.3 Mobility Aids

Independent mobility is an important aspect of self-esteem and quality of life [82]. Many
individuals with disabilities can take advantage of manual or powered wheelchairs, but
some of them require more advanced systems to regain independent mobility. These
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individuals might benefit from smart wheelchairs, defined as “either a standard pow-
ered wheelchair to which a computer and a collection of sensors have been added or a
mobile robot base to which a seat has been attached” [82]. An alternative to the traditional
input method associated with the powered wheelchair (e.g., joysticks), smart wheelchairs
implement more sophisticated user interfaces, such as voice recognition [83-84] or brain—
computer interface [85-86]. They integrate different sensors, such as sonar, infrared sen-
sors, laser range finders, or cameras, based on which obstacle avoidance algorithms are
designed. Finally, they implement advanced control algorithms: they can work either
in an automatic manner, i.e., the user provides the final destination and the wheelchair
plans and executes a path to the target location, or in a cooperative manner, i.e., the user
plans and controls the navigation and the wheelchair assists to assure obstacle avoid-
ance. An example of a smart wheelchair is the Let Unleashed Robots Crawl the House
(LURCH) system designed at Politecnico di Milano (Figure 1.9) [87-88]. In LURCH, the
user can choose among several autonomy levels, ranging from simple obstacle avoidance
to full autonomy, and different interfaces: a classical joystick, a touch screen, an EMG
interface, and a BCI.

Other examples of mobility robotic aids are lower-limb exoskeletons or active orthoses.
An exoskeleton is defined as “an active mechanical device that is essentially anthropomor-
phic in nature, is ‘worn’ by an operator and fits closely to his or her body, and works
in concert with the operator’s movements” [3,89]. As previously reported, research in
powered exoskeletons began in the late 1960s with a twofold objective: (i) to augment the
capabilities of able-bodied subjects (e.g., for military purposes) and (ii) to assist persons
with disabilities. Focusing on the second objective, one of the first examples of powered

FIGURE 1.9
The LURCH prototype with mounted sensors. (Courtesy of Andrea Bonarini and Matteo Matteucci.)
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exoskeletons was developed by Vukobratovic et al. in the 1970s [90]. This system incor-
porated pneumatic actuators for flexion/extension of hip, knee, and ankle; an actuated
abduction/adduction joint at the hip for greater stability on the frontal plane; and a cor-
set which enclosed the entire chest of the patient for providing trunk support. Favoring
the clinical use of exoskeletons, portability, which requires energetic autonomy, reduced
weight, and low encumbrance, is crucial. Nowadays, there are some commercially avail-
able lower-limb exoskeletons. ReWalk from ReWalk Robotics Ltd., for example, provides
powered hip and knee motion to enable individuals with spinal cord injury to stand up,
walk, and climb stairs (Figure 1.10a) [91]. The system is powered by a backpack battery and
includes a motion-tilt sensor which detects shifts in body weight and balance and pro-
pels the machine forward when appropriate. Another example of commercially available
exoskeleton is Ekso™ from Ekso Bionics™ (Figure 1.10b) [92]. Lower-limb exoskeletons
were primarily thought of as rehabilitative devices for paraplegics, but some of them (i.e.,
ReWalk Personal [93]) are now becoming available for everyday use, offering some prac-
tical benefits which are difficult to be achieved in a wheelchair, such as speaking to col-
leagues face to face or doing exercises.

Lower-limb-powered prostheses are another example of mobility robotic aids. In the
past 30 years, the rapid advances in prosthetic technology resulted in a number of devices
that improve the functional mobility and quality of life in individuals with lower-limb
amputations [94]. Focusing on above-knee amputation, knee prosthesis design varies from
the very simple single-axis knee to high-tech microprocessor-controlled prosthetic knees,
such as the C-Leg from Ottobock [95]. One of the most important advancements in the

(a) (b)

FIGURE 1.10
Examples of lower-limb-powered exoskeletons: (a) ReWalk (picture: ReWalk Robotics Inc) and (b) Ekso (picture:
Ekso Bionics).
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knee prosthesis design is the control of the swing phase. Initially, this control was assured
using a friction-based system in which an adjustable friction cell was pressed against the
knee axle. Later, fluid swing-phase control mechanisms, either pneumatic or hydraulic,
were introduced. These mechanisms are more flexible since they function over a range of
gait speeds [96].

1.4.4 Activity of Daily Living Support

Many robotic feeding systems are commercially available and used in clinical and home
settings to support the user while eating. Some examples are the Mealtime Partners
Assistive Dining Device [97], which is equipped with rotating bowls, a mechanical spoon,
and a positioning arm; the Neater Eater [98], which consists of a two-DoF arm and one
dish; and the SECOM My Spoon system [99], which consists of a five-DoF manipulator, a
gripper, and a meal tray.

Manipulator robotic aids assist disabled people in performing activities of daily life.
Manus, currently produced by Exact Dynamics as iARM, is one of the most widespread
wheelchair-mounted robotic arms [100]. It has six DoFs plus a gripper as end effector
(Figure 1.11a). The wheelchair joystick and an extra switch are used as user interface and
the robot can be operated in joint mode (each joint is controlled separately) or in Cartesian
control mode (controlling the position of the end effector). Although the device is very
helpful, the control system has been found very challenging. To increase the number of

(b)

FIGURE 1.11

Examples of manipulation robots that support daily life activities: (a) iARM (picture: Exact Dynamics) and
(b) the passive exoskeleton developed in the Multimodal Neuroprosthesis for Daily Upper Limb Support
(MUNDUS) project. Surface electrodes for stimulation of the biceps and shoulder muscles are also shown.
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potential users, several research groups have been adding sensors (e.g., cameras and sonar
sensors) and developing advanced control algorithms, such as computer vision algorithm
or path-planning algorithm [80].

Another example of wheelchair-mounted robotic arm is the KAIST (Korea Advanced
Institute of Science and Technology) Rehabilitation Engineering Service System II (KARES II)
[101]. KARES Il is a six-DoF robotic arm and can support 12 predefined tasks, such as eat-
ing, drinking, shaving, opening/closing doors, picking up objects, or turning switches on
and off. It provides various kinds of human-robot interfaces, such as eye-mouse; shoulder/
head interface; and EMG signal-based control, which can be selected according to the level
of disability. Among wheelchair-mounted manipulators, JACO is a lightweight robotic arm
developed by Kinova, which consists of six interlinked carbon fiber segments joined to a
three-fingered hand [102]. It is characterized by seven DoFs which allow six movements
in three-dimensional space, six movements of JACO’s wrist (abduction, adduction, flexion,
extension, pronation, and supination), and opening and closing of the three fingers. A
three-axis joystick is used for control. To provide an efficient, hands-free control modal-
ity, some researchers have recently developed an upper-limb gesture-recognition system
combined with object tracking and face-recognition systems as substitute for the joystick
[103]. Among the different user interfaces, one of the most attractive is the possibility of
using neural interface systems to translate neuronal activity directly into control signals
for assistive devices. After experiments performed on monkeys [104], in a paper published
in Nature, the authors showed the ability of two people with long-standing tetraplegia to
perform three-dimensional reach and grasp movements with a robotic arm controlled by
brain activities [105].

To support upper-limb functions, passive or powered exoskeletons have also been pro-
posed. Passive exoskeletons use spring and/or damper elements to compensate for the
arm’s weight, assisting the users in performing functional tasks with their own residual
muscle activity [106-107]. In the European project MUNDUS, a lightweight spring-loaded
robotic exoskeleton arm has been integrated with functional electrical stimulation to pro-
vide additional support in the case of users with weak or no residual volitional muscle
activity (Figure 1.11b) [79]. An alternative solution to providing gravity compensation con-
sists of the application of electrorheological fluids as controlled resistive torque elements to
allow coordinated joint damping or locking/unlocking of the DoF [108]. A number of pow-
ered exoskeletons for the upper extremity have been also developed (e.g.,, MIT-MANUS
[109], ArmeoPower from Hocoma [110], and ARMin [111]). However, these systems are
heavy, cumbersome, and expensive, thereby being mainly used as stationary rehabilitative
systems in a clinical environment rather than as assistive devices at home. Surveys on the
usage of assistive robotic arms have shown that the users prefer mobile devices capable of
functioning in a variety of unstructured environments, instead of fixed workstations [112].
For this reason, wheelchair robotic arms are usually preferred.

Other examples of robots for ADL support are powered prostheses for helping upper-
limb amputees to perform ADLs. The majority of the robotic prosthetic arms are myocon-
trol systems in which the electrical activity naturally generated by a contracting muscle
in the residual part of the limb is used to control the operation of the artificial limb [113].
Although myoelectric prostheses were first designed in the late 1940s [114] and have been
clinically implemented since the 1960s [115], they still hardly substitute for the function-
ality of a missing arm or hand [116]. The prosthetic hardware has advanced more than
the control system. Devices with multiple DoFs and equipped with different sensors have
been developed [117-119]. However, patients are usually able to control only one joint or
function at a given time and the difficulty in controlling prosthesis is widely considered
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one of the key reasons for rejection [120]. Ideally, a prosthesis should reproduce the bidirec-
tional link between the user’s nervous system and the environment by exploiting the neu-
ral pathways that persist after amputation. The possibility to restore the sensory feedback
is mainly crucial for hand prostheses. Transversal intrafascicular multichannel electrodes
connected to artificial hand sensors have been used to restore touch sensation in a person
with hand amputation [121]. However, the system was tested on a single subject, and more
extensive evaluations are needed to prove its functioning.

Finally, among robots for ADL support we also include vocational robotic workstations,
such as the Desktop Vocational Assistant Robot (DeVAR), which is a voice-controlled
robotic arm mounted on an overhead track system to keep the desk surface available for
job-related objects and equipment. This system was designed to allow people with high-
cervical spinal cord injuries to function more independently in a work environment [122].
Some other examples of robotic workstations can be found but they have been used with
success only in a limited number of cases due to their bulkiness, high cost, and reduced
number of supported tasks.

1.4.5 Future Perspectives

Research in the AR field has been growing rapidly. Although sophisticated prototypes that
have multiple DoFs and exploit advanced user interfaces have been proposed in research
laboratories, the commercially available systems are much simpler and the number of
users who benefit from ARs in their daily life is still very low. Some issues need to be tack-
led to promote the use of ARs. First of all, human safety during the interaction with a robot
needs to be improved [123]. Mechanical or electrical constraints (e.g., speed or force limits)
or back-drivable joints can be integrated into the system to enhance the level of safety.
To increase user acceptance, the control needs to be simplified and a natural interaction
should be assured. The recent advances in neural interface systems could play a crucial
role to achieve this aim. Another desirable feature is the possibility of customizing the sys-
tem to the needs of each individual user. Some users, in the absence of commercially avail-
able systems, have developed their own device to meet their specific needs, underlying
the importance of personalization. In the design process, it is important to learn from the
users’ experiences [124]. Independent operation has been defined as one of the most impor-
tant design criteria [81]. ARs need to promote participation within families, communities,
and society. In the selection of the ideal assistive system, the users balance the stigma
they perceive to be associated with a device against the function and autonomy achieved
with that device. Based on these considerations, a new definition of assistive technology has
been suggested: “devices or adaptations that serve as an interface between people with
disabilities and their unique environments, used to engage in activities of choice, and to
promote self-perceived participation” [124]. This new definition might guide the design of
future ARs.

In parallel with the continuous development of innovative robotic systems, in order to
promote their use it is also crucial to provide an extensive evaluation of efficacy, safety,
reliability, and users’ and families” acceptance of the developed systems. The MUNDUS
system was evaluated on six end users affected by neuromotor disorders (three spinal cord
injuries, one multiple sclerosis, and two Friedreich’s ataxia), and a high level of usability,
user satisfaction, and motor performance were observed [125]. In the future, more trials
conducted in natural environments are needed. Last but not least, to increase accessibility
both investment and maintenance costs need to be reduced.
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2.1 Introduction and History

Telesurgery, or remote surgery, consists of teleoperating slave robots performing a surgi-
cal operation on a patient situated at a remote site. The surgeon grasps and controls the
movements of small handles attached to purposely designed master input devices. These
displacements are reproduced by the slave robots, giving the surgeon direct control of the
surgery while not being present at the operating site.

This technology has the potential to give equal access to advanced surgery procedures to
people living in areas away from large medical facilities. One can, for example, easily imag-
ine slave robots installed in small-town offices in less densely populated areas or in third-
world countries and remotely controlled by expert surgeons in large city hospitals. Medical
trucks equipped with fully operational operating rooms (ORs) integrating slave robots
could also be a solution to project surgical capabilities wherever they are needed without the
requirement to have surgeons on site. This provides the capability to operate in difficult or
even impossible-to-access sites like war zones or spatial environments. Indeed telesurgery
was largely financed by the United States National Aeronautics and Space Administration
(NASA) with the aim to allow surgical care of astronauts and by the Defense Advanced

37



38 Telehealth and Mobile Health

Research Projects Agency (DARPA) for the purpose of remotely operating on injured sol-
diers. This research inspired the development of two commercial telesurgery systems.

The first one is the Zeus® Robotic Surgical System (ZRSS) (Figure 2.1) [1] developed by
Computer Motion, Goleta, California. It integrates a voice-controlled arm supporting the
endoscope called Automated Endoscopic System for Optimal Positioning (AESOP) and
two teleoperated robotic arms carrying surgical tools. The ZRSS was approved by the
United States Food and Drug Administration (FDA) in 2001. It was used on September 7,
2001, to perform Operation Lindbergh, the first intercontinental complete telesurgery pro-
cedure ever made on a human patient. The surgeon, Professor Jacques Marescaux, success-
fully performed a cholecystectomy on a 68-year-old patient located in an operating room
in Strasbourg, France, using a remote console situated in New York, United States, 7000 km
away from the operating site [2-3].

The second robot on the market is the da Vinci, developed by Intuitive Surgical, Inc.,
Sunnyvale, California (Figure 2.2) [4]. It was also initially composed of three robotic arms
carrying the endoscope and the surgery tools. A fourth arm was added later to allow con-
trolling a third tool. These arms, with design similar to the Black Falcon developed at the
Massachusetts Institute of Technology (MIT) [5], are successively teleoperated by the sur-
geons. The robots controlling the tools mimic the hand movements while the endoscope
follows the mean of both hands” movements in translation and their difference in rotation
(as if the camera was fixed on a stick grasped at its tips). The da Vinci was approved by
the FDA in 2000 for minimally invasive surgery (MIS). In 2003, Computer Motion and
Intuitive Surgical merged and the da Vinci Surgical System remained as the sole FDA-
approved robotic platform on the market. Several versions of the system have since then
been approved for various surgical procedures including general, urologic, gynecologic,

FIGURE 2.1
Zeus® Surgical System. © 2014 Intuitive Surgical, Inc., Sunnyvale, California, used with permission.
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FIGURE 2.2
da Vinci® Si™ Surgical System. © 2014 Intuitive Surgical, Inc., Sunnyvale, California, used with permission.

transoral, cardiac, thoracic, and pediatric surgeries. Despite its relatively high price, about
3000 units were sold and approximately two million patients worldwide have benefitted
from da Vinci surgery (http://www.intuitivesurgical.com).

The da Vinci currently has a quasi-monopolistic situation in MIS, even if competitors try
to emerge, like the MIRO Lab system developed by the Deutsches Zentrum fiir Luft und
Raumfahrt (DLR) (German Aerospace Research Center; Oberpfaffenhofen, Germany) for
both MIS and open surgery (Figure 2.3) [6-7] and the Surgeon’s Operating Force-feedback
Interface Eindhoven (Sofie) robot developed at the Technical University of Eindhoven [8].

Note that despite the extensive media exposure offered by iconic operations like Operation
Lindbergh, telesurgery systems are still nowadays mostly used in a more familiar environ-
ment where the patient is lying on an operating table just beside the control station of the sur-
geon. The capability to remotely operate on a patient anywhere in the world is not required
in practice for day-to-day procedures. The critical aspect of long-distance telesurgery is
communication delays. Surgeons need real-time visual feedback of their movements. This
is easily obtained over short distances but it becomes difficult for longer ones. As an exam-
ple, Operation Lindbergh required a complete team of France Télécom engineers to ensure
small communication delays (about 155 ms, well below the maximum acceptable of 500 ms).

FIGURE 2.3
MIRO Lab system. (Courtesy of DLR, Oberpfaffenhofen, Germany.)
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Having the surgeon on site is much more comfortable. He or she can, in particular, easily ter-
minate the procedure with conventional laparoscopic tools in case of system failure or even
convert to open surgery. Indeed, the main interest of robotic telesurgery systems is not to
allow remotely operating on a patient far away (which is still rare) but, more pragmatically,
to overcome the limitations of manual surgery, especially in endoscopy and microsurgery.

MIS is performed with long instruments inserted through small incisions equipped
with trocars while the body is inflated with gas to improve vision and accessibility. A
video monitor is used to display high-definition images of the operating site captured by
an endoscope (a camera mounted at the tip of a long shaft inserted through another tro-
car). Compared to open surgery, MIS allows smaller incisions, thus resulting in reduced
pain and shorter recovery time. However, it introduces several shortcomings. As surgeon’s
hands and surgical tools are on both sides of the trocars, which act as fulcrums, hands
and tools move in opposite directions. Moreover, their movements are restricted to four
degrees of freedom (DoFs) as the tool can translate along any direction but can rotate only
along its extension axis. Last but not least, the surgeon loses force and tactile feedback and
can only rely on visual cues to estimate the forces and torques applied to the tissues. These
constraints strongly limit dexterity, all the more so as the hand-eye coordination is lost
as the surgeon looks at the video monitor instead of his hands. Manipulating long instru-
ments with arms raised is also tiring and uncomfortable. The introduction of remotely
operated robots equipped with intracorporal dexterous wrists allows canceling all these
drawbacks. The robots have at least seven DoFs and can grasp tools and move in any
direction in translation and rotation. The surgeon is comfortably installed on a master
console equipped with ergonomic input devices. His movements are directly mimicked by
the robots, in seven DoFs and without the mirror effect. Dexterity is comparable to open
surgery and natural hand-eye coordination can be recovered with a colocalized three-
dimensional (3D) visual feedback. The surgeon is virtually immersed in the patient’s body
as if he or she had direct access to internal organs. In principle, such systems should even
be capable of restoring force and tactile feedback. However, this capability is still restricted
to laboratory equipment due to the unavailability of precise force sensors that can be either
sterilized after use or produced at sufficiently low price for single use. As a consequence,
force feedback is not implemented on actual commercial robots.

Regarding microsurgery, modern microscopes and miniaturized tools have offered the
capability to see and operate on tiny structures of the human body. However, this chal-
lenges the surgeon’s ability to make precise movements and apply forces at the microscale.
Telemicrosurgery robotic systems can scale down hand movements, filter tremors, and go
beyond these limitations. Eye surgery is a good example. As in MIS, surgeons make use of
long and thin instruments inserted through the eye envelope, resulting in inverted hand and
tool movements and nonergonomic postures. They face the additional challenge of operating
structures down to 10 um, well below human accuracy, which is about 125 pm. The result-
ing forces are also well below the human detection limit. As a consequence, some operations
are almost impossible to perform manually. Teleoperated robots like the vitroretinal eye sur-
gery robot developed by the Technical University of Eindhoven [9] overcome these limitations.
Visual feedback is provided on a compact video monitor integrated in an ergonomic and intui-
tive master console. Tremors are filtered and the master movements are scaled down on the
slave side, allowing reaching the required accuracy. Finally, the master arm provides force
feedback based on sensors integrated on the slave robot having sensitivity below the human
threshold. Neurosurgery is another example. The requirements are still the same, with the
exception of the mirror effect, which is not present in this case as the skull is drilled to get a
direct access to the brain. As a consequence, robots like neuroArm, developed at the University
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of Calgary (Figure 2.4), are usable for both microsurgery and stereotactic brain surgery [10-11].
Thanks to the use of titanium and polyether ether ketone (PEEK) manufactured parts and
ultrasonic piezoelectric motors, the robots are MRI compatible. The robots are controlled via a
multimodal master station featuring visual, audio, and haptic feedback.

Note that along with market-intended developments, research has also been made on
open platforms. A notable initiative of this kind is the collaborative development of the
Raven and Raven II surgical robotic systems [12-13].

To further reduce pain, recovery time, and aesthetic outcomes associated with MIS, two
other approaches were more recently proposed, namely, single-port (or single-incision)
laparoscopic surgery (SPLS) and natural orifice transluminal surgery (NOTES).

SPLS consists of inserting the endoscope, air pressure, and instruments through a single
larger incision, typically in the range of 20 to 25 mm, instead of several 5 to 15 mm cuts. To
keep a similar arrangement of working space and tools, the instruments cross at the level
of the trocar and have a curved shape so that they arrive from both sides as in MIS. Apart
from a reduction in the instruments’ size, such systems are comparable to MIS and single-
port telesurgery platforms already available on the market like, for example, the Single-
Site da Vinci Surgery System. It is, however, restricted to abdominal surgery.

With both MIS and SPLS, the surgical site is accessed from the outside of the body. On
the contrary, with NOTES, the instruments are inserted through natural orifices (mouth,
vagina, or rectum). A long and flexible endoscope platform with a diameter typically
between 14 and 20 mm is used, the surgery tools being either fixed on flexible arms at the
tip of the platform or inserted through two to four working channels a few millimeters
wide. This technique totally avoids pain and scarring associated with abdominal inci-
sions. However, current manually operated NOTES endoscope platforms suffer from lim-
ited forces and insufficient stiffness. They are not stable enough to expose the organs and
operate comfortably and are used only by few medical teams [14]. Despite their theoretical
potential to be the next revolution in surgery, they still require more time and resources
to perform and their real benefit is controversial [15]. The future is probably robotized
NOTES instruments remotely controlled with dexterous master arms. Such systems are
currently under development; see, for example, Reynoso et al.’s [16] and Zhou et al.’s [17]
works for the state of the art. These systems have not, however, entered operating rooms to
date and will not be discussed in detail in this chapter.

FIGURE 2.4
neuroArm master station (a) and slave robot (b). (Courtesy of the University of Calgary, Calgary, Canada.)
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2.2 Main Components and Functionalities of a Robotic Telesurgery System
2.2.1 General Overview

Figure 2.5 illustrates the main components of a telesurgery system. The surgery is per-
formed by slave robots (1) remotely controlled from a master station (2). A cabinet (3) is
often used for carrying the robot’s controllers and additional equipment. Finally, high-
performance communication means (4) transfer information within the whole system.
Further details on these components will be given below.

2.2.2 Slave Surgery Robots

Slave robots (1) are usually composed of several components. First, a positioning stage
(1a) allows for an optimal placement and orientation of the robot relative to the patient.
This structure is often of selective compliance articulated robot arm (SCARA) type, with
a vertical sliding axis and three vertical pivot joints allowing it to move on a horizontal
plane. This solution is very safe as the weight of the robot can be easily compensated for. A
simple counterbalancing mass is sufficient in the z axis, while gravity has no influence on
the pivot joints. The optimal placement of the robots, taking into account the constraints
imposed by the presence of the other robots, equipment, and surgery team, can be experi-
ence based or obtained using path-planning software. The second and third stages are
the external robot structure (1b) and the instrument (1c). Their roles are, respectively, to
move the instrument to the operating site and to orient it using an internal wrist whose
rotation axes are close to the tool tip. In endoscopic surgery, the robot (1b) must respect the
additional constraint of rotating around the fixed point imposed by the trocar. This can
be obtained by several means. The Zeus robot, for example, is not motorized in orienta-
tion and the instrument automatically tilts to point at the trocar when it is moved [1]. This

FIGURE 2.5
Main components of a telesurgery system. 1: slave robots; 2: master station; 3: nurses’ cart; 4: communications
means.
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solution is very simple and convenient. However, the movements of the tool tip are not
completely controlled as they are also a function of the patient-dependent behavior of the
abdominal wall through which the trocar is inserted. To avoid this drawback, all joints
must be actuated. In this case, the fixed trocar constraint can be solved using remote-
center-of-rotation (RCR) architectures, for example, pivot joints which intersect at the tro-
car as used on the Raven robot [12] or double parallelograms as implemented on da Vinci
[4-5] (see Figure 2.6). Such solutions are intrinsically safe as the RCR remains mechanically
fixed. However, the robot’s placement must be very precise in order to ensure that the fixed
point and trocar coincide. Moreover, such architectures are quite bulky and have limited
amplitudes of movements. While well suited for abdominal and chest surgeries, they do
not appear optimal for some other operations. Another solution consists of using multi-
purpose conventional serial robots and programming their controllers so that the trocars
remain fixed when they are used in MIS. This way, a more compact and slender design can
be obtained, as illustrated by the MIRO Lab System [6]. Such robots are also more versatile.
They are equally suitable for MIS and open surgery, simply replacing the complex robot-
ized MIS instruments with simple tools. This advantage comes, however, at the price of
a higher complexity. Indeed, while three actuated DoFs are sufficient to move the instru-
ments of purely MIS robots as the tool’s orientation is not controlled by the robot itself but
by the internal actuated wrist, such multipurpose robots must have at least six actuated

FIGURE 2.6

Two different solutions for implementing an RCR and solving the fixed trocar constraint. Top: spherical archi-
tecture with intersecting axes. (a) rotation p along axis a, is simply achieved by moving the first link of the
structure; (b) rotation p along axis a, is obtained when the angle between the two links is modified. Bottom:
double-parallelogram architecture (hidden by the robot’s housing). (c) « is generated by a rotation of the whole
robot along its first joint; (d) p is obtained by moving the double parallelogram, and the coordinated movement
of its different links maintains the trocar fixed.



44 Telehealth and Mobile Health

DoFs to allow controlling open-surgery passive tools in both position and orientation. As
an internal wrist is still required in endoscopic surgery, this results in a redundant archi-
tecture when using them for MIS.

The instrument (1c) is composed of four parts: an interface with the robot, a long shaft
going through the trocar, an internal wrist allowing rotation of the tool around any axis,
and the tool itself. The instrument is generally passive, the actuators being physically
placed on the robot and their movements transmitted via small clutches integrated in the
interface. This way, the instrument’s sterilization is easier. The shaft and wrist come in
different diameters, typically within 5 and 10 mm. The largest wrists are composed of
small pivot joints actuated with cables and pulleys. Smaller ones are often manufactured
with multiple coupled joints, resulting in a more flexible structure. The tools themselves
are various and comparable to those encountered in conventional MIS, including graspers,
needle drivers, clip appliers, cautery instruments, scissors, scalpels, and retractors.

The robot and instrument must be designed in order to reach the desired accuracy. The
latter depends on the operation. For abdominal telesurgery, 100 pm seems reasonable,
while less than 10 pm is required for vitroretinal eye surgery [9]. This calls for precise man-
ufacturing, play-free mounting and assembly, and high-resolution position sensors. Note
that in teleoperation, the human is always in the loop and can adjust the position of the
tool based on visual feedback. Resolution is, thus, more important than absolute accuracy.

Another requirement is the possibility to easily move the positioning stage and the robot
during the installation phase. They must resist as little as possible to the movement of the
surgical team. This calls for a frictionless and low-inertia design. The same holds for the
instrument, which must be easily extracted from the trocar in the case of a change of tool or
malfunction. The whole system must be as mechanically transparent as possible. There are
two alternatives, therefore: cable-based back-drivable mechanical design as encountered
on most nuclear teleoperation systems and haptic interfaces [18-22] and implemented on
the first version of da Vinci or lightweight robots equipped with force sensors, inertia and
friction being partially cancelled by dedicated compensation feedback loops.

For typical operations, at least three robots (1b) and their positioning stage are required.
Two of them carry instruments, while the last is used to control the endoscope (1d). As the
endoscope does not require an internal wrist, its actuation system is simplified. In the most
advanced systems, an additional robot is added, with a total of three instruments plus the
endoscope.

These robots can be independently fixed on the operating table as illustrated in Figure
2.5 in order to minimize their footprint. This is the solution proposed in the MIRO Lab
system. Each robot is light and can be moved from operating room to operating room and
installed easily. They can also be fixed on a single structure like the da Vinci patient-side
cart. This solution is more bulky but the robots are more precisely positioned with respect
to each other. They are also easier to remove in case of conversion following a system
failure.

2.2.3 Master Control Station

To control these robots, the surgeon is comfortably installed at a master station (2). He or
she grasps and controls the displacements of the input devices (2a), whose movements are
mimicked by the slave robots operating the patient. The master arms (2a) have generally
seven DoFs, three DoFs in translation to pilot the displacements of the slave robots, three
DoFs in rotation to control wrist orientations, and one grasping DoF for dual-jaw tools like
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forceps or scissors. To allow for stable movements, an armrest (2b) is often provided close
to the input devices” handles. The surgeon is also provided with additional commands like
foot pedals (2c) or switches and buttons integrated on the armrest or on the devices” han-
dles. They allow controlling, for example, electric scalpels. Finally, a visual feedback from
the surgery site is provided in a video display (2d). On the da Vinci’s console, a binocular-type
visual interface provides high-definition 3D images from inside the patient’s body. This
configuration is very immersive and the surgeon’s hands are naturally located in his line
of sight. However, he or she is quite isolated from the other members of the medical team.
On the contrary, most other systems like Zeus and the MIRO Lab system propose more
conventional nonimmersive consoles. While visuohaptic colocation is lost, the surgeon is
more aware of its environment and can more easily look at complementary monitors and
interact with the team.

As the surgeon only has two hands, he or she cannot manually control more than two
slave robots at a time. He or she has to switch, thus, between the different robots to suc-
cessively teleoperate the instruments and endoscope. Another solution is to use a voice-
controlled endoscope as implemented on the AESOP arm of the Zeus Robotic Surgical
System. Of course, the endoscope can also be manipulated by a second surgeon sitting at
a second master station, which can also be used to control a fourth arm holding a third
instrument, typically a retractor or a clip applier used in conjunction with the instruments
of the main surgeon. Finally, the endoscope can automatically follow the object of interest
using a visual servoing function.

2.2.4 Additional Equipment and Communication Means

An additional cabinet (3) is usually provided. It can be used to carry the robots and master
station’s controllers (3a), as well as other medical equipment. An external video display
(3b) is also generally present. It provides the nurses, the anesthetist, and other people in
the medical team with a visualization of the progress of the procedure.

Finally, rapid, efficient, and secured communication means (4) (not illustrated in Figure
2.5) are implemented. As previously explained, the communication delay has to be well
below the maximum acceptable of 500 ms to allow efficient teleoperation of the slave
robots in the presence of visual feedback only. If a force feedback is implemented (only
on research systems to date), it has to be in the order of a few milliseconds to a few tenths
of milliseconds to avoid compromising the robots’ stability. In case of larger delays, the
control gains have to be decreased, which dramatically diminishes the sense of presence
and teleoperation efficiency. Another solution is to couple the master arms with a virtual
model of the slave robots and patient. This model can be used to generate the force feed-
back and control the slave robots. Implementing a physiologically correct virtual model of
the patient is, however, very difficult and such a solution is not proposed on commercially
available systems.

2.2.5 Main Functionalities
2.2.5.1 Master-Slave Teleoperation

The slave robots are remotely controlled with the input devices of the master station. As
previously explained, commercial systems to date do not allow force feedback and a sim-
ple position-control loop is used to pilot the system so that the position and orientation
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of the tool tip mimic those of the master arm’s handle. In order to favor ergonomics, the
handle and tool axes are generally kept aligned during the surgery. Therefore, the master
arm’s joints are actuated and the motors are used when the unit is switched on to reach the
slave arm’s orientation.

Force feedback is a strong surgeons” demand. Without it, they have to rely on visual cues
to infer forces from tissue displacements. However, despite huge research efforts in the
last decade, this functionality is still not available in commercial systems. The key missing
component is a precise force/torque sensor which can be sterilized or produced at very
low price. While the latter requirement is beyond the current state of the art, miniature
sensors exist and are already implemented on research telesurgery systems like the MIRO
Lab system [23]. Such robots implement force feedback. Both classical passive proportional
derivative position-position control loops and position-force schemes can be used in sur-
gery [5,24-25]. The former has the advantage of being passive but suffers from limited
force sensitivity. The latter allows improving the system transparency in free space and
detecting very tiny forces in contact. It is, however, unstable when the robots are in contact
with a stiff environment, which is fortunately not the case when interacting with soft tissues
and organs.

2.2.5.2 Motion (and Force) Scaling

A gain between the master and slave robots’ positions can be implemented in the system
controller, allowing an amplification of the handle’s motions compared to the tool. When
the surgeon moves his hands, the tool makes smaller movements, allowing to reach subhu-
man precision and accuracy. This is especially important in telemicrosurgery. It is worth
noting that if the motion scaling is too large, the surgeon will not be able to reach distant
points with the slave arm. A clutching function is made available to solve this issue. When
the surgeon has reached the limit of the input device’s work space, he or she can declutch
the tool from the handle, go back to the center of the master arm’s working volume, and
reengage the master slave coupling to go further.

Contrary to positions, the ratio between the orientations of the handle and tool is always
kept equal to 1. Amplifying rotations would also be feasible but it would misalign the
hands’ and tools” movements, breaking the hand-eye coordination and reducing the sys-
tem’s intuitiveness and ergonomics. For the same reasons, the clutch is not available in
rotation, and the master arm is actuated so as to keep the handle in fixed orientation when
the clutch is activated in translation.

With force feedback systems, a second gain can also be implemented between the forces
sensed by the slave robots and those sent back to the user. Position and force amplification,
however, change the perceived behavior of the environment.

2.2.5.3 Tremor Cancellation

A low-pass filter can be inserted between the master arm’s measured positions and the
orders sent to the slave arm. This way, the surgeon’s hand tremors can be rejected and the
slave robots have smooth and very precise movements.

2.2.5.4 Shared Control

Within a robotic telesurgery platform, the control of the slave robots can be shared between
the surgeon and the system. An example is found in beating-heart surgery. The robots
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carrying the tools and endoscope can automatically compensate for heart movements, so
that it appears fixed to the surgeon who can operate as if the anastomosis site were main-
tained with mechanical stabilizers.

Control of the robots can also be shared in time, either between several surgeons,
each one installed at a master station and controlling the robots during specific tasks, or
between a surgeon and the system. One could, for example, imagine automatic suturing or
knot tying after the surgeon has positioned the tissues in correct position.

2.2.5.5 Augmented Haptic Feedback

Thanks to the advancement of measurement techniques and computer science, it is easier
to model or scan and digitize the surgical environment, including the OR table, robots,
equipment, and surgery team. The continuous progress in imaging technologies also allows
obtaining 3D models of the patients. After proper calibration and alignment of the environ-
ment and patient models, a complete 3D model of the surgery site can be generated. Such a
model can be used for optimal placement of the robots and planning of the surgery. In par-
ticular, optimal trajectories along which the user can be haptically guided or sensitive areas
which have to be avoided can be defined. The complete procedure can even be rehearsed on
the virtual model before it is realized in the real OR. It has, however, to be ensured that the
virtual model and real patient are perfectly aligned. Functional MRI as used in neurosurgery
is a solution, therefore, but robots cannot integrate magnetic field—sensitive materials in this
case. This is a huge additional constraint and in practice only few robots fit this requirement.

2.3 Optimal Design of an Advanced Input Device for Telesurgery

We will now focus on the design of the control station master arms. We will rely, therefore,
on the author’s previous works [26-29].

Teleoperation appeared in the fifties in the nuclear industry from the need to manipu-
late radioactive materials. Purely mechanical systems were first developed, followed by
bilaterally coupled robots. The use of this technology has since extended to other environ-
ments which are inaccessible due to their hostile nature (e.g., space and subsea), to their
scale (minimally invasive surgery and micro- and nanomanipulation), or to their virtual
nature (digital environments and virtual reality) [30-31].

2.3.1 Design Guidelines

A consensus has emerged on the characteristics a telerobotic system should exhibit.
Whether considering virtual reality, telesurgery, or heavy arms remote handling, it must
be “transparent.” The operator must feel that he or she is performing the task directly in
the remote environment. To identify the associated design drivers, two system states are
usually distinguished. First, in free space, he or she must feel free, with as low as possible
resistance from the system. The robot must, in particular, have a large and singularity-free
work space, low inertia, and low friction. Second, when the slave arm hits an obstacle, the
operator must clearly feel this contact and the touch sensation must remain realistic until
contact is released. This calls for a sufficient force capacity, a high bandwidth, and a large
stiffness. The same holds for the master arm (also called haptic interface in virtual reality).
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Almost all existing input devices were designed in order to answer these general
requirements. These specifications are, however, contradictory as, for example, a stiff robot
required to realistically simulate hard environments is usually made of large diameter
links which are relatively heavy and resist operator’s accelerations in free space. Similarly,
using big actuators to allow rendering large forces impedes the user’s movements in free
space as they introduce friction. A compromise has to be found, which depends on the
application. For dismantling nuclear facilities, for example, work space and force are of
primary importance, while for telesurgery, precision and sensitivity are essential. As a
consequence, very different master arms and haptic interfaces have been developed over
time [32-35]. They differ in types, shape, dimensions, and performance. To fit with a spe-
cific application, these requirements must be refined.

Regarding abdominal telesurgery, the design drivers are the following:

* Bimanual manipulation: Most surgery tasks are bimanual in nature, e.g., knot
tying. To perform them, the surgeon has to control two slave robots simultane-
ously. The control station must, thus, be equipped with two master arms.

e Dexterous manipulation: The goal of minimally invasive robotic surgery (MIRS)
is to restore similar motion capabilities and dexterity as in open surgery despite
the presence of the trocar. This requires seven-DoF slave robots able to move and
rotate in any direction and grasp surgery tools (e.g., needles). Their movements are
directly mimicking those of the master arms which must, thus, also have seven
DoFs. In order to maximize dexterity and precision, a precision grasp (of stylus or
pinch—grasp type) and an elbow support are recommended. Also, the rotations and
translations must be decoupled. Regarding their amplitude, they can be considered
separately. As explained before, movements can be scaled in translation and a clutch
can be used to expand the master arm’s work space. As a consequence, the slave’s
movements are not really limited by those of the input device, which can be designed
solely based on ergonomic considerations. The comfortable work space associated
with a precision grasp and an elbow support is about 200 mm in every direction [36].
It will be used here as a design driver. On the contrary, rotations cannot be extended
using scaling factors or clutch. They have to cover the surgeon’s hand work space,
which is about 140° to 160° around any axis in this configuration [36].

¢ Realistic haptic feedback: Even if commercial input devices do not allow force
feedback based on slave arms measured efforts, they should in the future. As a
consequence, it is worth anticipating this capability. In such case, the input device
should be actuated to allow force feedback in the range of efforts associated with
typical surgery procedures, i.e, from 0 to 15 N [37]. Note that the master arm’s
actuators are also useful to implement virtually generated augmented haptic feed-
back (e.g., virtual guides, avoidance areas, and interactions with a virtual model of
the patient). In this case, the forces should remain within a noticeable yet comfort-
able range, which is about 10 N for a precision grasp [36]. Force resolution has also
to be optimized to allow feeling slight contacts against the organs, the stiffness
maximized and the mass minimized. This optimization concerns not only force,
mass, and friction amplitudes but also their isotropy and homogeneity over the
whole work space. Anisotropic behavior would result in preferred directions of
motion and has to be avoided, as well as inhomogeneous performance, as it would
result in various haptic feelings depending on the position of the handle, even if
the slave robot performs the same task. Both would perturb the surgeon.



Modern Devices for Telesurgery 49

¢ Safe manipulation: In order to avoid the system falling under its own weight in
case the handle is inadvertently released, the input device has to be statically bal-
anced. A mechanical balancing system using counterweights or springs is pre-
ferred over actively compensating for the weight of the links with the actuators as
it remains efficient in case of electric failure. Passive or active weight cancellation
also avoids requiring the user to support the weight of the device and minimizes
fatigue.

2.3.2 Design Methodology

In order to reach previous specifications, the input device has to be carefully designed. As
previously mentioned, the optimized criteria are not independent. Also, they vary non-
linearly as a function of the design parameters whose variations can be continuous (e.g.,
link lengths and angles between joints) or discrete (e.g., actuator type and sensor resolu-
tion) and are constrained by physical limits. Globally, we face a constrained multicriterion
nonlinear coupled optimization problem. Advanced optimization methodologies can be
used to solve such a problem. However, the result highly depends on the weight given to
the different criteria, this weight being quite arbitrary. Of course Pareto fronts can be used
to show the influence of each parameter. However, ensuring a sufficiently large number
of combinations to understand the system behavior leads to a large number of optimiza-
tions. The time required increases and the advantage compared to studying all configura-
tions decreases. We rather prefer choosing classical well-understood robot architectures
and trying to optimize each criterion at a time to better control the optimization process.
The disadvantage of this method is that is does not apply well to more complex original
architectures.

The first criterion is the work space of the robot. It is defined as the set of configura-
tions the robot can reach. It can be expressed in the joint space as a set of n-dimensional
vectors with n being the number of actuated joints or as a set of six-dimensional vectors
in the Cartesian space (seven dimensions are necessary if the handle opening is taken
into account, but in practice, this motion is usually independent from the robot configura-
tion, i.e., position and orientation, and can be studied separately). The robot’s work space
depends on the robot’s architecture and joints” arrangement, on the links’ length and
shape, and on external constraints like collision avoidance with other console equipment.
Two alternative approaches can be used for its study. First, we can span the joint space
and plot for each joint position g the associated configuration X computed using the direct
geometric model of the robot, X = f(g). This solution has the advantage of determining the
exact limits of the operational work space. However, the geometric model being nonlinear,
the Cartesian configurations of the robot are not evenly distributed. To avoid this draw-
back, the second solution consists of scanning the Cartesian space and checking the valid
configurations by using the inverse geometric model of the robot, g = g(X). In this case, the
points are evenly distributed in the work space but its limits are only approached. For a
precise estimation, small steps have to be used. This model is used to tune the size of the
robot until its work space encompasses the specified volume in six dimensions.

The second optimization criterion is the force capacity, defined as the minimum amount
of force the robot can apply in any direction. To study this parameter, instead of using the
manipulability and force ellipsoids, defined as the operational forces produced by 1 N-m
motor torques, we propose to use force-dimensioning ellipsoids, defined as the torques
necessary to generate 1 N forces and/or 1 N-m torques in the operational space [36]. Calling



50 Telehealth and Mobile Health

Jmot and G, respectively the direct and inverse Jacobian matrices allowing to express the
n-dimensional joint speeds g, and torques t,,, expressed at the motor level as a func-
tion of the six-dimensional operational speeds V = X and efforts F by using the equations
X = J ot Bimots Gimot = Gonot K Tt = Jmor OF, and F = GL, [3,..,, these ellipsoids can be defined

using the following formulas:

=1, 2.1

TrTno’f |:6Gmot m;x];\ot) El"-mot =1 (22)

Equation 2.2 is the equation for an ellipsoid in the joint torque space. It represents the
torques which are necessary on the robot’s joint axes to apply 1 N and/or 1 N-m efforts
on the handle. In practice, forces and torques are studied separately and the results are
added. When studying forces, we first write that the torques applied on the handle are null
and express the three motor torques as a function of the others. Replacing these torques
in Equation 2.2 gives three forces as a function of only three actuators (the same is done
in case of a redundant robot, using the force-closure equations to exclude redundant
actuators). Doing this with different sets of actuators allows dimensioning each of them.
Conversely, when studying torques, we first write that the forces applied on the handle
are null and express three motor torques as a function of the others. Equation 2.2 gives
in this case three torques as functions of three motors. As illustrated in Figure 2.7 in a
two-dimensional (2D) case, the motor torques are simply obtained as the bounding boxes
of those ellipsoids. For a given desired operational force F, and torque 7, the results are
simply multiplied by F, and t, and added.

Equation 2.2 and its pure force and torque derivatives allow computing the required
actuation torques in each valid configuration. Final dimensioning is obtained as the worst
case over the useful work space of the robot. Note that these torques depend on both the
actuators and the reducers. It is, thus, possible to adjust either the motors or the reduction
ratios or both to obtain the desired values. The choice depends on several factors. Larger
electric actuators, as usually used on haptic interfaces, are more efficient than smaller ones.
They require smaller reducers, which produce less friction than larger ones. However,
such combination requires higher-definition encoders to reach the same accuracy as those
of small motors and large reducers. Control stiffness and mass also are largely impacted
by this choice as will be explained below.

T

Tmot2

Tmax

Tmin

Tmotl 71

T 2
y mot " \“mot Gmot) "Tmot < F

12 = (2 £}[E] < B2 T (G

FIGURE 2.7
Force-dimensioning ellipsoids in two dimensions.
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Note that force-dimensioning ellipsoids, as well as manipulability ones, also allow com-
puting the local isotropy index of the device as I, = Tyay/Tmin- A global index over the
work space can also be computed, taking into account either its mean value or the worst
case. The robot’s architecture, dimensions, and actuators can be adjusted to reach a desired
force/torque capacity and a predefined isotropy. Also, as the total work space of the robot
is usually larger than the specified useful one, the position of the latter relative to the base
of the robot can be optimized, i.e., placed where the force/torque capacity is maximum
and/or where it is the most isotropic (the same holds for apparent stiffness and mass).

The third design driver taken into account is the master arm’s apparent stiffness. Based
on the hypothesis that each joint is basically composed of an actuation unit, a transmis-
sion, and a link, the robot behaves as these three components arranged in series. Denoting
Koo K and Ky, as their respective stiffnesses, the global apparent stiffness K., equals

mot/ ~Mtrans/

Kmot = 1/(1/Kmot + 1/Ktrans + 1/Klink)' (23)
Kirans and Ky, depend on the transmissions design and links shapes and can be optimized
using finite-element models of the robot. K, is called the motor electric equivalent stiff-
ness. It is defined as the minimum static gain in any direction deduced in the operational
space from the maximum stable static gain K., of the motor’s control loops. These gains
can be written as

max

Tmot = Kmax : dqmot/ (24)
F = Kmot mX = GI]‘;IOf |:I<rnax IZI:;mot L_dX (25)

To study the K ., parameter, we make use of the apparent-stiffness ellipsoid, defined as
the operational forces produced by a normalized 1 m displacement. It can be defined using
the following formulas:

ldX?]| =1, (2.6)
-1
F K KLy ) F=1. 2.7)

Equation 2.7 is the equation for an ellipsoid which can be used to compute the maximum
and minimum actuators” equivalent stiffnesses (see Figure 2.8 for a 2D example). It can be
used to compute the minimum apparent stiffness in any direction in a given position or
all over the work space as well as the local stiffness isotropy index Iy, = K./ Kin OF its
global derivative. The design of the robot can be adjusted until the required values are
obtained. The parameters with the largest influence on the electric equivalent stiffness are
the actuator’s behavior, the encoder’s resolution, and the control-loop frequency, which
limit the maximum stable static gain of the motors, as well as the reduction ratio R, which
allows increasing the apparent stiffness by the factor R%. Note that different actuator—
reducer combinations with different electric equivalent stiffnesses can be chosen to reach
the same desired force capacity as the force is a function of R, while the stiffness varies as
R2. On the other hand, it is demonstrated by Townsend [21] that it is preferable to imple-
ment the reducers as close as possible to the actuated joints.

Finally, the fourth design driver is the apparent mass of the robot. It is defined as the
maximum mass sensed by the surgeon when accelerating the handle in free space. It is
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FIGURE 2.8
Apparent actuators’ equivalent stiffness ellipsoids in two dimensions.

computed using a simplified dynamic model of the system. With the hypothesis of low
speeds (a surgeon moves slowly to preserve precision and accuracy), the centrifugal and
Coriolis terms vanish, as well as the speed term, when deriving the inverse kinematic
model g, =G, X expressed at the articular level (4, is the n-dimensional joint speed
vector and G,,, is the inverse Jacobian matrix at that level). Assuming also that the system
is statically equilibrated, the gravity forces are also null and the simplified dynamic model
can be written at joint level as T,; = A, (qar) Gorpy With 7., and §,,, as the n-dimensional vec-
tors of the joint torques and accelerations expressed at the articular level and A,.,(q,,,) the
inertia matrix of the robot’s links. We can write

F=MV =Gl A (40 )GaV- 238)

This equation can be used to compute the apparent-mass ellipsoid, defined as the opera-
tional forces produced by a normalized 1 m/s? acceleration. This ellipsoid can be defined
by the formulas

V=1, 2.9)
FI(MM)- F = 1. (2.10)

Equation 2.10 is similar to Equation 2.7 and allows computing the maximum apparent
mass in all directions in every configuration and over the work space, as well as the local and
global inertial isotropy indices. The link’s dimensions and shapes can be optimized to reach
the desired value, with the constraint, however, of remaining within an acceptable stiffness.

Note that the actuator’s rotors also contribute to the apparent mass of the robot. To esti-
mate their contribution, the same reasoning can be applied, with all equations expressed,
however, at the motor level. It can be proven that the apparent inertia of the actuators
increases as a function of R%. As a consequence, the inertia of systems using large reducers,
for example, harmonic drives, is relatively important (often larger than the links” appar-
ent inertia) and requires force-sensing and force-control closed loops to reduce it. On the
contrary, the inertia of actuation units using low-reduction-ratio cable capstan reducers is
usually very limited (much smaller than the link’s inertia).

As explained before, these models are successively used to optimize the robot architec-
ture and dimensioning step by step.
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2.3.3 Application to the Design of a Telesurgery Master Arm

Different architectures can be envisaged for the design of telesurgery master arms. The
da Vinci master station, for example, makes use of eight-axis serial robots [38-39] as shown
in Figure 2.2. Serial robots have the advantage of a large range of motions, especially in
orientation. Moreover, force feedback can be easily and efficiently obtained in translation.
However, this is not the case in orientation. Indeed, the actuators are the heaviest compo-
nents of haptic interfaces. In order to limit the apparent inertia felt by the surgeon, they
have either to be placed close to the base or to be very light. The former solution calls for
complex transmissions which introduce friction and reduce the transparency, while the
latter does not allow rendering large torques. As the da Vinci does not allow force feed-
back, its actuators are used only to equilibrate the handle’s weight and to align it with the
surgery tools when the system is switched on. Small actuators are sufficient in this case but
they would not be optimal for the implementation of torque feedback.

The master arms of the MIRO Lab system make use of a different architecture. They
are composed of a Delta parallel stage for the translations and a serial wrist for the rota-
tions. Two versions were successively used: first an omega.7 haptic interface with a passive
wrist, then a sigma.7 device with seven actuated axes (both from Force Dimension, Nyon,
Switzerland). This hybrid architecture suffers from the same drawbacks as serial robots.
While the Delta is very light and transparent, it has to carry a bulky and relatively heavy
actuated wrist. In order to remain within an acceptable volume and weight, the torque
feedback is limited and, even so, the two master arms cannot be placed side by side very
close to each other.

In order to limit the weight of the wrist, we proposed to use a parallel robot instead. As
fully parallel robots (i.e., robots with the same number of substructures and DoFs) suffer
from a limited range of motions in orientation and complex control models, they will be
discarded. We will make use of partially parallel robots instead, composed of a limited
number of substructures having several actuated DoFs each. Note that a lot of haptic
interfaces make use of a pivot joint and a parallelogram in series. This simple three-DoF
architecture efficiently allows implementing force feedback in translation. The actuators
can be placed close to the base and the architecture is very light and powerful. At the
same time, it remains thin and compact. It will be used here as an elementary substruc-
ture. To obtain six-DoF robots from this, three solutions can be envisaged: (1) using three
such substructures arranged in parallel, each of them having two or three actuated joints
(we will call such architectures 3 x 2 and 3 x 3, respectively); (2) using two such robots in
parallel, each with three motors, and implement a sixth axis in series (also called 2 x 3 +
1; see details below); and (3) using only one such architecture with a serial wrist (1 x 6). In
order to rank these alternatives, we first computed their homogeneous orientation work
space (HOW). HOW is defined in each position in the work space as the orientation that
can be obtained simultaneously in every direction (i.e,, a HOW of n degrees means that
the handle can span a cone with a half top angle of n degrees, the handle being rotated
around its own axis of any angle between +n degrees). This calculation was performed
for normalized 1 m long structures, with a handle of 15 cm, taking into account the joints’
motions limits and collisions between the robot’s links. The results illustrated in Figure
2.9 show that the HOW of 3 x 2 parallel robots is limited to about 40° to 50° in a large
part of their work space. It reaches 70° to 80° for 2 x 3 + 1 robots (several configurations
were tested, with parallel and opposed substructures) and 90° for serial structures. These
values can be considered as their useful HOWs. We can conclude from this study that 3 x
2/3 x 3 parallel robots are not suitable for dexterous telesurgery. Their range of motion
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FIGURE 2.9
Maps of the homogeneous orientation work spaces of different robot architectures using pivot and parallelo-
gram substructures on the x-z plane.

in orientation is insufficient. Serial 1 x 6 robots reach much larger orientations but suf-
fer from the aforementioned limitations. In between these extreme solutions, hybrid 2 x
3 + 1 architectures appear as an interesting alternative. They have a large work space,
comparable to those of serial robots, especially in orientation. Yet they require actuating
only one DoF away from the basis. Different configurations can be envisaged. Having
opposite substructures limits their collisions and increases the work space. However, it
would be practically impossible to integrate such robots into a master station without col-
liding with the surgeons’ knees. As a consequence, the 2 x 3 + 1 architecture with parallel
branches was finally selected.

The robot was then dimensioned to fit with the design drivers presented in Subsection
2.31. In order to allow taking into account the specifications of the selected components
and the design constraints in the procedure explained in Subsection 2.3.2, the computer-
aided design (CAD) of the robot was conducted in parallel with its dimensioning and opti-
mization. The final design and dimensions are illustrated in Figure 2.10. This redundant
and parallel robot links a fixed base to a mobile platform via two five-DoF robots, each
composed of the aforementioned three-DoF actuated structure and a passive universal
joint. An extra serial DoF is added on this platform to allow handle rotation. A total of six
operational DoFs with force feedback are obtained using seven motors. Note that, tradi-
tionally, the first wrist axis of pivot and parallelogram haptic interfaces is implemented
along the forearm (third moving link). This very simple solution allows optimally integrat-
ing the first wrist motor inside the forearm, thus resulting in a thin and slender design.
In this case, however, the robot is in singular configuration as soon as the handle aligns
with the forearm. For some positions of the work space, it happens for small handle ori-
entations, well below the specified angle of 70° to 80°. The same holds here. In order to
reject these singularities outside the useful work space, additional links were integrated
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Branch 1

Branch 2

FIGURE 2.10
CAD and dimensions of the first hybrid-architecture telesurgery master prototype arm with handle actuator
fixed on the base and remotely actuated handle.

between the serial three-DoF robots and the U joints. Their orientation is kept constant,
thanks to double parallelograms running in parallel with the arm and forearm.

The arm and forearm are 250 mm long. The mobile platform height is 80 mm. The handle
is shifted 30 mm away from axis 6 in order to allow comfortable finger positioning around
the handle without collisions with the robot structure. The three-DoF robots are shifted
60 mm relative to each other in order to allow integrating the motors of the two substruc-
tures on top of each other and optimize the master arm’s compactness. The actuators
are high-performance ironless direct-current (DC) motors from Maxon Motor (Sachseln,
Switzerland). Maxon RE 35 actuators are used on the three-DoF substructures. They are
associated with high-efficiency cable capstan reducers (R = 19.15 on first axis and R = 1545
on second and third axes). The same actuator was first used on the handle axis, this motor
being fixed on the base and its torque transmitted to the handle with cables and pulleys.
This solution, however, introduced too much friction and was finally replaced with a smaller
Maxon RE 16 motor and a small cable capstan reducer directly integrated into the mobile
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FIGURE 2.11
Second prototype of the hybrid-architecture telesurgery master arm with handle actuator integrated on the
mobile platform.

platform. Counterweights are used to ensure the static balancing of the robot. It is worth
mentioning that for static balancing, small weights placed away from the axes or heavier
masses placed at their close proximity are equivalent. The latter, however, is much better
for the dynamic performances of the robot. Small counterweights made of DENAL, a very
dense tungsten alloy with density above 18, were used here. Further details of the robot’s
performances can be found in Gosselin et al.’s work [27], as well as details on its controller.

Two prototype arms were manufactured. The first one is similar to the design in Figure
2.10. The second one, illustrated in Figure 2.11 and used for a virtual intervention by Dr.
F. Taha from the University Hospital of Amiens, France, makes use of slightly reinforced
links and simplified mechanical parts. Centering pins are integrated on the fixed basis for
initial calibration at start-up. This architecture is remarkably simple to implement while
having both a large work space, similar to that of serial robots, and a high transparency,
similar to parallel structures.

Note that this hybrid architecture has applications also outside abdominal telesurgery.
The requirement to have a large work space and a high transparency is also found in vir-
tual reality-based surgical training. In this field, a similar robot was developed and suc-
cessfully used for the training of the basic skills involved in maxilla facial surgery [28-29].

2.4 Conclusion

In this chapter, we first gave a historic overview of telesurgery. We introduced the limita-
tions of manual surgery and the advantages offered by teleoperated surgical robots. We
presented representative existing systems commercially available or developed in research
laboratories. We concluded with an opening to SPLS and NOTES, which could be the next
steps for less invasive and more efficient surgeries.
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In Section 2.2, we made a detailed presentation of the different components of a telesur-
gery system: the slave robots composed of a positioning stage, an external structure, and
a dexterous internal wrist carrying the surgery tools; the master station, which integrates
the master arms used to intuitively and efficiently control the slave robots and a video
monitor; and the additional equipment and communication means. This section ends with
a presentation of the main functionalities of telesurgery robots: position control, position
and force scaling, tremor filtering, shared control, and augmented haptic feedback.

Finally, in Section 2.3, we focused on the design of telesurgery master arms. After present-
ing the design guidelines associated with abdominal telesurgery, we introduced modeling
and dimensioning tools allowing to conceive a robot so that it has the specified work space,
force capacity, stiffness, and inertia. We also briefly explained how these tools can be succes-
sively used to refine the design step by step. We finally briefly presented how this methodol-
ogy was applied in the design of a telesurgery master arm. This robot proves very interesting
and a similar design was also successfully used for surgical training in virtual reality.
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3.1 Introduction

Microsurgery is a term used to classify delicate surgical procedures that require the use of
an operating microscope. Still, early microsurgical techniques have been developed based
on direct observation of the surgical site, without the assistance of optical magnification
systems. This was the case, for example, of otologic operations such as fenestration and
stapes mobilization performed in the late 19th century.

The application of microscopes to surgery started in the 1920s. This enabled not only the
improvement of early microsurgical techniques but also the development of a large range
of new methods, especially in vascular surgery. With microscopes, the surgical connection
(anastomosis) of diminutive blood vessels and nerves became realistic, enabling the cre-
ation of procedures for replantation and transplantation of tissues and organs. Since then,
vascular surgery has been in continuous progress, driving the advancement of microsur-
gical techniques and technologies.

The history of microsurgery is, nevertheless, somehow controversial as a large number
of specialties have incorporated microsurgical techniques into surgical practice over the
past two centuries. As a result, different areas report different surgeons as “the father
of microsurgery.” Even so, it is known that techniques of vascular ligature have been
described in the 1500s, and there is general agreement that the first use of a microscope in
surgery was by Carl-Olof Siggesson Nylén in 1921 [1].

Currently, microsurgeries are carried out under high-magnification operating micro-
scopes that offer magnificent three-dimensional views of the surgical site. In addition,
dedicated microsurgical tools and suture materials are now available for these operations.
However, microsurgeries are still performed by the dexterous hands of highly capable
clinicians, who go through extensive training periods to acquire the specialized skills nec-
essary for realizing successful microoperations.

The new frontier in microsurgery is the surgical robot or, more precisely, robot-assisted
microsurgery. As this chapter will show, robotics can provide increased dexterity, con-
trollability, and visualization capabilities to surgeons, allowing the execution of previ-
ously highly difficult or unfeasible procedures or even the pioneering of new techniques.
Robotics can also eliminate the need for microscopes and their associated requirement
for direct line of sight to the surgical site, thus enabling minimally invasive microsurgical
procedures. They also offer great potential to increase the precision, safety, and quality of
microsurgeries, much more so than for other types of (larger) surgeries.

Robot-assisted microsurgery is an emerging discipline, but it is rapidly establishing
itself through the clinical use of the surgical robot da Vinci and the development of other
robots and systems dedicated to this area. New technologies include, for example, assis-
tive systems for safety supervision, intraoperative planning, augmented visualization,
and force-controlled operations.

This chapter introduces the reader to the wonderful world of microsurgery systems,
starting from an overview of major specialty areas that rely on microsurgical techniques
and of existing tools used for these operations. Existing and under-development micro-
surgical robotic systems are also presented, leading to an analysis of current major challenges
associated with the development of such technologies. Finally, concluding remarks about
the future of microsurgery systems are offered.
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3.2 Clinical Applications

Microsurgery systems and techniques are used in a large range of surgical specialties, from
otolaryngology and ophthalmology to plastic and general surgery. Overall, microsurgical pro-
cedures are technically demanding, requiring high degrees of surgical skills and high levels
of dexterity from surgeons. A large percentage of microsurgeries involve the anastomosis of
small blood vessels and nerves, while other important applications involve precise excision of
tissue from delicate organs, typically to treat benign or malignant lesions. Significant clinical
applications are illustrated in Figure 3.1 and described below.

3.2.1 Pediatric and Fetal Surgery

Microsurgery techniques are required during many pediatric and fetal surgeries due to
the small nature of the patients. The diminutive size and fragility of structures in infants
and fetuses are ideally suited to the skills of microsurgeons. Significant examples of pre-
natal microsurgeries include atrial septostomy (opening of the interatrial septum in the
heart), valvuloplasty (opening of the aortic or pulmonary heart valves), the treatment of
congenital diaphragmatic hernias, and the treatment of twin—twin transfusion syndromes.

3.2.2 Ophthalmology

Similarly as with the case above, the size and delicacy of eye structures require the use
of microsurgical techniques when operating on this organ. Significant procedures here
include vitreoretinal surgery, cataract surgery, and retinal vein cannulation.

3.2.3 Otolaryngology

Historically, otolaryngology was the first medical specialty to use microsurgical tech-
niques. The need in this case also comes from the diminutive size of structures in the
ear, nose, and throat (ENT) and from their high importance to the life and well-being of
the patients. Typical examples in this case include the excision of benign and malignant
lesions, stapedectomy operations for treatment of otosclerosis, and the implantation of
hearing aids.

FIGURE 3.1
Examples of clinical applications of microsurgery systems: (a) vascular anastomosis, (b) excision of vocal cord
carcinoma, and (c) cochlear implantation.
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3.2.4 Plastic Surgery

This is likely the field that makes the most extensive use of microsurgical techniques. In
addition to cosmetic surgeries, plastic surgeries involve highly important and lifesaving
procedures such as replantations and reconstructive procedures, which rely on the anasto-
mosis of diminutive blood vessels and nerves. These procedures are most often performed
to correct functional impairments caused by traumatic injuries, but may also be done to
recreate normal appearance after devastating illnesses or traumas. Common reconstruc-
tive surgeries include hand surgery, laceration repair and replantation of limbs, cleft lip
and palate repair, ear reconstruction, and breast reconstruction after a mastectomy.

3.2.5 Nerve Surgery

Microsurgical techniques are fundamental for the treatment of abnormal nerve conditions
such as nerve entrapments, nerve ruptures, and brachial plexus injuries. These operations
involve delicate nerve repairs through direct anastomosis or the implantation of nerve
grafts.

3.2.6 Urology

Within this specialty, microsurgery is used intensely in the treatment of male infertility
and chronic testicular or groin pain. One common procedure in this area is microscopic
vasectomy reversal, for which the use of microscopes and microsurgical techniques have
brought greater patency and fertility rates.

3.3 Microsurgery Systems in Clinical Use

The key element in current microsurgery systems is the microscope. This device is required
to provide magnified visualization of the surgical site to the surgeon, allowing the execu-
tion of the highly delicate microsurgeries. As mentioned previously, microscopes started
to be used in surgeries in the 1920s and since then they have been greatly improved to
offer higher magnifications, wider field of view (FOV), and high-quality undistorted views
of the surgical site from relatively long focal distances. Major manufacturers of surgical
microscopes include Carl Zeiss, Leica Microsystems, and several other smaller companies
like ATMOS, Haag-Streit, Takagi, and Alcon. Most of these companies offer different types
of microscopes specifically developed for different microsurgical specialties. Figure 3.2
shows examples of microscopes for throat, eye, and ear microsurgery.

Dedicated sets of microsurgical tools are also available to each different surgical spe-
cialty. These allow the surgeon to manipulate delicate tissue with precision and realize
accurate cuts, ablations, injections, or challenging anastomosis. Microsurgical tools are
often handheld. They complete the traditional surgical system as schematized in Figure
3.3. Examples of state-of-the-art tools for eye microsurgery and for laryngeal operations
are shown in Figure 3.4. Differences between the tool sets are evident and expected as each
type of microsurgery has very particular requirements.

Another type of tool that is being increasingly used in microsurgery is the surgical
laser. Lasers allow the execution of precise incisions and ablations on both soft and hard
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FIGURE 3.2

Examples of operating microscopes: (a) Zeiss Sensera for laryngeal surgeries, (b) Leica M620 for ophthalmic
surgery, and (c) ATMOS iView microscope for ear surgery. (Courtesy of Carl Zeiss, Jena, Germany; Leica
Microsystems, Wetzlar, Germany; and ATMOS, Lenzkirch, Germany.)
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FIGURE 3.3

Components of traditional microsurgery systems: surgeon, patient, microscope, and handheld microsurgery
tools. The solid arrows indicate direct interaction, while the dashed arrows indicate limited interaction (visual

information flow only).
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Precision tools for (a) eye microsurgery and (b) laryngeal microsurgery. (Courtesy of Beaver-Visitec International,
Waltham, Massachusetts, and Orient Medical, Hangzhou, China.)
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tissues. In addition, they have demonstrated to be a viable solution for tissue soldering [2],
with potential application for several types of tissues, including cornea [3], liver [4], dura,
trachea, urinary bladder, and blood vessels [5]. Currently, lasers are a major tool in both
laryngology and ophthalmology. A popular example is the laser-assisted in situ keratomi-
leusis (LASIK) procedure for eyesight correction. As other microsurgical tools, lasers are
selected and customized for specific surgical applications. The reason here is that laser—
tissue interaction characteristics, such as absorption coefficient, penetration depth, and
scattering, are highly dependent on the laser light wavelength and the target tissue prop-
erties. For example, excimer lasers (193 nm wavelength) are used in eye surgery, while CO,
lasers (10.6 pm wavelength) are the preferred type in laryngeal microsurgeries.

The use of lasers in microsurgeries requires additional specialized systems for control-
ling the aiming and motions of the laser beam. In LASIK this control is highly automated
through motorized mirror systems. Conversely, in other types of microsurgery it depends
totally on the dexterity of the surgeon, who manually guides the laser. Nevertheless, tools
and devices do exist to facilitate the work of the surgeon. In the case of optical fiber—
coupled lasers, the fiber can be attached to handheld tools such as those shown in Figure
3.5, which assist the surgeon in bringing the laser energy to the surgical site and in control-
ling it. In these systems, due to the divergence of the laser coming out of the fiber, the effect
of the laser on tissue depends on the distance between the fiber tip and the tissue. Lasers
normally have a cutting effect when the fiber is in contact with the tissue, but present abla-
tive or coagulative effects as the distance between the fiber and the tissue increases.

Lasers in microsurgery can also be delivered through air. The devices in this case are
called free-beam laser systems and typically rely on movable mirrors to bring the laser to
the surgical site in a controllable fashion. Fine laser control is achieved through the use of a
laser micromanipulator device. Traditionally, this is a hand-controlled mechanical system
that allows the surgeon to precisely control the motions of a mirror and, thus, the aiming of
the laser. Several laser micromanipulator systems are currently commercially available for
microsurgeries, including systems from the companies Lumenis, KLS Martin, and DEKA.
One example is shown in Figure 3.6. In addition to the controllable mirror, these systems
include focusing optics with long focal distance, which are specifically designed for the
intended surgical application. For example, the focusing distance in ear microsurgery is
typically 200 mm, while in laryngeal microsurgery this distance is normally 400 mm.
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FIGURE 3.5
The OmniGuide handpieces for laser microsurgery: (a) demonstration of the usage of handpieces, and (b) various
handpiece products for different surgical procedures. (Courtesy of OmniGuide Inc., Cambridge, Massachusetts.)
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FIGURE 3.6
The Micro Point 2 R™ Jaser micromanipulator from KLS Martin. (Courtesy of the KLS Martin Group, Freiburg,
Germany.)

The quality of laser microsurgeries has seen great improvements with the development
of pulsed laser systems and scanning laser micromanipulators [6]. These technologies
allow improved control over the laser incision depth and minimize thermal damage to
surrounding tissue, which translates into increased surgical precision, minimal formation
of scar tissue, and reduced healing time. Examples of such systems include the AcuBlade™
(Lumenis), the SoftScan Plus R™ (KLS Martin), and the Hi-Scan Surgical™ (DEKA).

Scanning laser micromanipulators are one of the pioneering computer-assisted systems
to be used clinically in microsurgeries. Even though they do not actually enhance the
surgical user interface (since the microscope and a traditional laser micromanipulator are
still required), they prove such technologies can enhance the surgeon’s capabilities, facili-
tating, and improving surgical procedures. The next section will present more advanced
examples of computer- and robot-assisted systems specifically developed or adapted for
microsurgeries.

3.4 Robot-Assisted Microsurgery Systems

Robotics has played a major role in the success and quality of microsurgeries. Many
companies and research groups concentrated toward the development of new surgical
tools and systems to augment the capabilities of microsurgeons. These efforts include
the creation of handheld robotic tools and teleoperated robotic systems, which makes
the operating setup more ergonomic and intuitive, increases the precision and con-
trollability of surgical instruments, and eliminates the need for microscopes and their
associated requirement for direct line of sight to the surgical field. The incorporation of
robotics in microsurgery modifies the overall surgical system configuration as presented
in Figure 3.7.

Robot-assisted systems offer vast potential to improve microsurgeries through both new
hardware and software tools. The insertion of such systems in the surgical setup allows
for the augmentation of the surgeon’s actions (augmented actuation) and of the feedback
he/she receives from the surgical field (augmented feedback). In fact, robotics transforms
the traditional surgical system, offering the chance to add assistive features to any of the
identified blocks in Figure 3.7. For example, software algorithms can improve the identi-
fication of diseases through video processing [7]; mechatronic systems can improve tis-
sue manipulation by providing motion scaling and hand tremor filtration [8]; sensors and
haptic devices can allow the surgeon to feel fine interaction forces [9]; and virtual objects
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FIGURE 3.7
Robot-assisted surgical system components. The dotted arrow indicates that the surgeon may not have the pos-
sibility to directly interact with the patient during surgery.

can be defined to protect delicate structures or even offer guidance to improve surgical
precision [10].

Due to the availability of the Intuitive Surgical’s da Vinci robot in hospitals around the
globe, the clinical use of such a system for microsurgeries is steadily growing. This robotic
system, shown in Figure 3.8, can be defined as a highly advanced teleoperated manipula-
tion system, which is located on the side of patient and controlled by the surgeon from a
remote console. It offers an immersive 3D operating environment from which the surgeon
can observe magnified views of the surgical site and precisely control small articulated
surgical instruments. This is accomplished through an intuitive interface that translates
the motions of the surgeon’s hands into scaled-down movements of the robotic instru-
ments, resulting in significantly improved surgical accuracy in small operating spaces.
Even though this robotic system was originally developed for general laparoscopy, micro-
surgeons have been demonstrating that it can also bring great benefits to a growing num-
ber of clinical procedures in urology and in vascular, nerve, and plastic surgery.

The da Vinci system presents, however, several drawbacks related to its application in
microsurgeries. These include the large size of the system and the associated require-
ment for a large operating room; the high acquisition and operative costs (associated with

FIGURE 3.8
The da Vinci surgical system. (Courtesy of Intuitive Surgical Inc., Sunnyvale, California.)
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disposables, tool life, etc.); the need for specifically trained operating room personnel; and
the fact that the surgeon operates from a remote and nonsterile location, which can be
problematic in case of emergencies. These issues and also parallel efforts toward the devel-
opment of specialized robotic systems for specific microsurgery applications have resulted
in the creation of several other systems over the last two decades. Significant examples are
presented below.

One of the first examples of robot-assisted microsurgery systems was created in 1994 at
the National Aeronautics and Space Administration’s (NASA) Jet Propulsion Laboratory
(JPL) in collaboration with the company MicroDexterity Systems. The system, shown in
Figure 3.9, was named robot-assisted microsurgery (RAMS) and consisted of a six-DoF
master—slave telemanipulator with programmable controls [11]. It was intended to be a
general purpose system for delicate microsurgeries in the brain, eye, ear, nose, etc., offer-
ing force reflection and scaling capabilities, miniature forceps for manipulation, and dual-
arm coordination. However, the technology has never reached the market for clinical use.

Another early example of robot-assisted microsurgery system is the steady-hand robot
created by Taylor et al. at the Johns Hopkins University (United States) in 1999 [12]. This
system introduced the concept of cooperative-controlled robot assistant, which allows the
surgical tool to be held simultaneously by both the operator’s hand and a specially designed
actively controlled robot arm. The system was created for microsurgery augmentation and
found important applications in retinal microsurgery. Researchers continue to improve the
system design to bring it to clinical use (see Figure 3.10) [13]. In addition, the control principle
has been translated to other microsurgery applications, such as in ENT surgery [14].

Yet another example of ophthalmic microsurgical robot conceptualized and developed
during the 1990s, and which is still focus of research and development efforts, is the Micron
system [8,15]. This system, shown in Figure 3.11, is a fully handheld actively stabilized tool
for microsurgery. It improves the surgeon’s accuracy during precision manipulation tasks
by removing involuntary hand motions such as tremor.

Significant examples of robot-assisted microsurgery systems have also been developed
for otologic applications. Within these, the robotic microdrilling tool for cochleostomy
developed by Brett et al. [16] is an additional example of a great microsurgery system
from the 1990s that is still trying to reach the clinical market. This system is able to create

FIGURE 3.9
RAMS. (Courtesy of NASA/JPL-California Institute of Technology, La Cafiada Flintridge, California.)
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FIGURE 3.10

Steady-hand eye robot evolution: (a) original version from 1999 and (b) Eye Robot 2.1 design from 2012.
(Courtesy of the Computer Integrated Interventional Systems Laboratory, Johns Hopkins University, Baltimore,
Maryland.)

FIGURE 3.11
Micron: an actively stabilized handheld tool for microsurgery. (Courtesy of the Robotics Institute, Carnegie
Mellon University, Pittsburgh, Pennsylvania.)

a fenestration on the outer bone tissue of the cochlea without damaging the underlying
endosteal membrane by detecting changes in the drilling environment, a capability that is
highly valuable in hearing aid implantation. The level of precision and difficulties associ-
ated with this specific application has also inspired Salzmann et al. to develop an image-
guided robot for precise bone drilling during otologic surgery [17]. These two systems are
presented in Figure 3.12.

Within the laryngology area, significant examples of robot-assisted microsurgery sys-
tems include the work of Giallo [18] and Mattos et al. [19], who focused on improving
laser phonomicrosurgeries, i.e., the highly delicate laser-based operations performed on
vocal cords. Giallo sought to create an improved surgeon interface based on the motor-
ization of a commercial laser micromanipulator and the use of an electronic joystick for
aiming control [18]. Mattos et al, on the other hand, proposed a new motorized laser
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FIGURE 3.12
Robotic systems for otologic microsurgeries: (a) smart surgical drill from Brunel University (United Kingdom)
and (b) miniature robot for hearing-aid implantation from the University of Bern (Switzerland).

micromanipulator and the implementation of the virtual scalpel concept, which allows
surgeons to perform operations by using a stylus and a graphics tablet on which a live
video of the surgical site is displayed [19] (see Figure 3.13). The success of this latter system
associated with its robotic capabilities, such as intraoperative surgical planning and fast
and precise laser scanning, attracted attention to the area and resulted in the formation
of the European research consortium Micro-Technologies and Systems for Robot-Assisted
Laser Phonomicrosurgery (WRALP) [20], which became the first microsurgery robotics pro-
gram funded by the European Union. pRALP is an ongoing research project expected to
greatly improve laryngeal operations in terms of precision, controllability, safety, and effi-
ciency through the development of novel technologies for endoscopic laser microsurgery.
In this process, it is facing many of the challenges described in the next section.

Feedback

Commands

Surgical microscope with

Stylus-based control interface ! ) '
motorized laser micromanipulator

FIGURE 3.13
The Virtual Scalpel robot-assisted laser microsurgery system. (Courtesy of the Department of Advanced
Robotics, Istituto Italiano di Tecnologia, Genova, Italy.)
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3.5 Current Challenges for Next-Generation Microsurgery Systems

The future of microsurgery is undoubtedly connected to robotic systems. As the examples
presented in the previous section demonstrate, robotics has a great potential to revolu-
tionize microsurgeries by offering technological solutions to major challenges associated
with these procedures, which currently include access, exposure, visualization, and con-
trol. Access relates to problems in safely reaching and bringing tools to the surgical area.
Exposure relates to the problem of having enough space to manipulate and operate on
the diseased tissue. Visualization relates to difficulties in observing the surgical field and
identifying the diseased tissue. Finally, control relates to issues in accurately controlling
the surgical instruments during the operation.

Robotics can address all of these clinical issues and offer significant assistance to sur-
geons, enabling them to perform more precise, more effective, safer, or even currently
impossible microsurgical procedures. However, several technological challenges have
yet to be surmounted before robotic systems can achieve their full potential and become
required clinical tools in microsurgery operating rooms. This section presents a summary
of these challenges and describes recent research progress toward their solution.

3.5.1 Miniaturization

The shift toward miniaturization is seen as one of the most important trends in surgi-
cal devices. Similar models of development from other industries, such as semiconductor
devices and electronics, have laid the foundation for this trend. Smaller and lighter cellu-
lar phones, laptop computers, and digital cameras, among others, serve the ever-growing
demand for double the functionality at half the size and cost. Miniaturization is seen as the
core technology of the third industrial revolution in the 21st century [21]. Richard Feynman
coined the term miniaturization in the context of manufacturing in his seminal lecture [22].
He drew the parallel between biological cells, which store information as well as maneu-
ver and make substances, and miniature manufactured devices that could be of similar
scale and serve that purpose. Some of the existing technologies that lie at the heart of this
revolution include (i) single-chip, multipurpose processing and sensing, (ii) micro- and
nanoelectromechanical systems for sensing and actuation, and (iii) miniaturized, high-
capacity memory chips. For the surgical devices, miniaturization lies at the convergence
of the evolutions in the semiconductor, electronics, and manufacturing technologies and
the requirements of modern surgery. Consequently, every part of the surgical device is a
candidate for miniaturization.

Miniaturized surgical equipment can bring significant advantages to microsurgical pro-
cedures, including improved access to the surgical site, greater precision and accuracy,
and faster actuations. However, the actualization of such systems poses stiff challenges
to designers, especially in terms of implementation and control. Brief descriptions of the
challenges are presented below.

3.5.1.1 Materials and Robustness

A key step to enabling miniaturized surgical devices is the development of robust yet
flexible milli- and micrometer scale designs. As is noted by Hsu [21], similar micromachin-
ing technology as that used in the fabrication of silicon-based integrated circuits (ICs) is
used in the manufacture of microelectromechanical systems. Surgical devices are complex
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3D structures with moving parts and it is a considerable challenge to replicate the larger
surgical devices at a small scale in a cost-effective manner, with the correct mechanical
properties. The lack of standards in design, material selection, and packaging compounds
the challenge manifold.

A shift toward utilizing physicochemical processes, newer materials, and techniques
is inevitable [23]. Processes such as wafer bonding [24], stereolithography [25], and self-
assembly [26] can enable complex 3D structure fabrication. Smart composite microstruc-
tures [27] of carbon, silicon, polymer, etc., can provide for robust structures with flexible
joints. For tools, metals such as stainless steel, platinum-tantalum, and nickel-titanium or
natural materials such as gelatin and collagen can be used.

3.5.1.2 Maneuverability

Any surgical device is characterized by its dexterity and maneuverability at the surgical
site. As the devices are miniaturized, they can reach more areas of the human anatomy. Yet
in targeting the devices to a surgical site, their entry, reach, stabilization, operation, and
eventual retrieval are major challenges.

For tethered devices, continuing research by Simaan [28], Bergelas and Dupont [29], and
Burgner et al. [30], among others, have not only brought the challenges into greater focus
but also demonstrated the utility of robotically controlled miniature snakelike and con-
centric tube catheters in improved surgical access and device movement. Planning and
executing stable trajectories for the catheters and end effectors is still an open challenge.

Tetherless devices hold great promise due to their compact nature, the reduced number
of components, and the simplicity of introducing them in the body. Iddan et al. [31] and
Gettman and Swain [32] explore the challenges of guidance and motion of the capsules to
reach target sites.

3.5.1.3 Sensing

In several robot-assisted procedures, the surgeon is no longer required to directly han-
dle tissue or peer through incisions in the skin to visualize the surgical site. The robotic
devices provide the tools to accomplish such tasks. Yet, maintaining the tactile and visual
feedback for the surgeons remains a significant challenge. Force/Tactile feedback aids pre-
cise manipulation, grasping, or palpation of soft organs. It also improves the transparency
in master/slave teleoperation of robotic devices [33]. Additionally, biophysical informa-
tion of the surgical site such as tissue density and temperature can assist the surgeon in
improving surgical actions and outcomes.

Thanks to the enormous growth in the cell-phone industry, high-resolution miniature
cameras with system-on-chip technology have become ubiquitous [34]. The presentation
of 3D visualization to the surgeon is critical for a holistic view of the surgical site. For
tactile feedback, researchers have investigated six- and three-DoF miniature force sensors
[35-36]. It is important to translate the signals from these sensors into intuitive feedback
for the surgeons. For biosensors, nanotechnology should play a vital role in the fabrica-
tion. This requires the investigation of different types of physical principles and the devel-
opment of a method to produce these devices. Most miniature catheters are sub-10 mm
[30]. Adapting these different sensing technologies to the tip of the catheters or miniature
capsule endoscopes, optimizing their location at the surgical site for maximum sensing
capability, and translating their signals for maximum utility by the surgeons are some of
the open challenges in miniaturization technologies.
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3.5.1.4 Actuation

Surgical actions generally involve gripping, manipulating, dissecting, and suturing tis-
sue. The mechanical components that execute these actions, such as grippers, tweezers,
cutters, forceps, and needles, have to be actuated in a manner that will allow optimal force
exertion without causing trauma or damage at the surgical site. The actuation mechanisms
face critical challenges in miniaturization with the size of the moving parts dictated by
the type of surgery, the anatomical part involved, and the consequent forces and torques
required. The miniaturization challenges include (i) the design of the actuation mecha-
nisms; (ii) the transmission of the actuation forces to the surgical site; (iii) the size, number
of components, and materials which can satisfy the constraints and requirements of the
surgery; and (iv) the maximum force and torque the actuators can output.

3.5.2 Microsurgical Tools

The creation and utilization of tools that are small enough to pass through the various con-
duits in the body is an emerging area of medical innovation in the microsurgery domain.
It involves the fabrication of miniaturized devices having physical, chemical, mechanical,
and electronic functionalities that can be controlled or autonomously trigger based on
the application. Broadly, the tools can be divided into two categories: (i) sensing tools that
measure the surgical site and (ii) actuation tools that manipulate and affect the site.

3.5.2.1 Sensing Tools

As discussed above, miniaturized surgical instruments bring the advantage of accessibil-
ity. But as a consequence, the surgeons have to completely rely on the dexterity inherent
to the tools, which reduces (or completely eliminates) their ability to directly visualize or
to have tactile feedback of the surgical site. The challenges lie in reintroducing these feed-
backs for the surgeons, using similarly miniaturized sensing devices.

3.5.2.1.1 Force/Tactile Sensing

Surgical devices with force sensing capability can provide surgeons with force informa-
tion that (i) helps “feel” the tissue at the site, (ii) guides through the surgical maneuvers,
and consequently (iii) improves the safety and efficacy of the procedures. Following the
widespread adoption of laparoscopic surgery [37], researchers have carried out extensive
developments of force sensors. The technologies adopted for developing miniaturized
force sensors need to satisfy size and sterilization constraints, as well as cover the criti-
cal force range in tissues. A review of the research reveals that most minimally invasive
surgery (MIS) devices require sub-10 mm sensors and need to cover a force range of up
to 40 mN while allowing sub-millinewton resolutions. Achieving these requirements are
currently major challenges associated with the development of sensing tools applicable to
microsurgery.

3.5.2.1.2 Imaging

The quality of the surgical site visualization directly impacts the quality of surgical out-
comes. Recent trends toward miniaturization in medical instruments highlight the func-
tionality of miniature cameras. Commonly denoting a total diameter of less than 3 mm,
miniature cameras bring new challenges together with their inherent benefits [38]. These
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are intrinsically related to the camera technology and to parameters such as focal length,
field of view, size, frame rate, and resolution.

3.5.2.1.2.1 Fiber-Based Cameras This imaging method involves the use of distal-tip opti-
cal lenses connected to fiber-optic bundles containing thousands of individual fibers. In
this case the imaging sensor is located at the proximal end, facilitating the capture of
best-quality images. Fiber-based cameras can easily go down to sub—1 mm size. For exam-
ple, Jacobs et al. [39] successfully demonstrated the use of a LaDuScope (PolyDiagnost,
Pfaffenhofen an der Ilm, Germany), a 0.55 mm camera with 70° FOV, a 75 mm focal length,
and up to 6000 pixel resolution. The Richard Wolf [40] company also has multiple rigid
and flexible endoscopes using this technology. Yet these cameras suffer from shortcom-
ings like (i) “blank spaces” between the bundled fibers, (ii) high cost, (iii) fragility of the
fibers, (iv) limited radius of curvature, and (v) limited field of view and angle of view. To
overcome some of these issues, researchers are pursuing novel algorithm-based solutions
that use a single fiber and different light patterns that can allow the reconstruction of the
observed field from reflected patterns [41-42].

3.56.2.1.2.2 CCD/CMOS-Based Cameras Having the camera sensor and lens at the distal
tip itself overcomes some of the above issues. This has been made possible by the recent
development of miniaturized charge-coupled device (CCD)/complementary metal-oxide—
semiconductor (CMOS) technology driven mainly by the cell-phone and smartphone mar-
kets. Several companies have developed and now offer medical imaging products using
miniature cameras. These include Olympus, Awaiba, Medigus, Misumi, etc. The remain-
ing challenges related to the use of this technology in new microsurgical systems are cur-
rently centered on integration, packaging, and sterilization issues. In addition, the wish
for smaller cameras with higher resolution continues to be a significant challenge to min-
iature camera manufacturers.

3.5.2.2 Actuation Tools

As mentioned earlier, the problem of navigating microsurgical tools to the surgical site
continues to be a major challenge associated with their development. Researchers have
been exploring different technologies to solve this issue, including planar and spatial link-
ages [43] and serial articulated wrists [44], as well as snakelike devices [45-46].

Another important challenge in this case is the surgical requirement for the manipula-
tion of tissue using different tools, such as grippers, cutters, and forceps. This need for
multifunctionality is aggravated by the desire for small tools that facilitate surgical site
access and by the need to provide enough force to manipulate tissue. Researchers are try-
ing to solve these issues through the investigation of novel processes for microforcep fabri-
cation and actuation [47-49]. In addition, alternative ways of powering microsurgical tools
are being sought, such as intrabody biochemical processes [50]. Companies such as Alcon,
Medtronic, and Sklar are active in this domain.

Finally, exposure of the surgical site can be highly challenging during some micro-
surgery applications, especially when these are performed in narrow and confined spaces,
such as the case of minimally invasive brachial plexus operations. Consequently, the capa-
bility to appropriately expose the surgical area is also major challenge in the development
of future microsurgical tools.
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3.5.3 Visualization Methods and Systems

The definition and implementation of appropriate visualization methods and systems con-
tinue to be a challenge associated with the development of new microsurgery systems.
As described earlier, in microsurgery the surgeon typically visualizes the surgical scene
through a microscope. However, the surgeon does not necessarily need to use the micro-
scope binoculars directly, since most of the microscopes are suitable for mounting mono
or stereo cameras on them. The use of cameras on a microscope allows decoupling the sur-
geon from it, enabling a reconfiguration of the surgical system setup and improvements
to its ergonomics. In addition, the use of electronic displays facilitates the incorporation
of augmented-reality (AR) techniques to the surgical system, bringing advantages such as
the possibility of adding extra information to the surgeon on the video streaming.

In endoscopic microsurgery, the microscope has already been substituted by an endoscope
with cameras mounted on its tip or, externally, at a distal point. In these cases, the visualiza-
tion system is equivalent to a microscope equipped with cameras. Consequently, here also the
visualization system is critical. The main aspects to take into account are the following:

e Stereo: It is important to have a system with stereo capabilities, since the depth
perception helps the surgeon better understand the clinical situation and leads to
improved performance. However, the visualization has to be properly designed
to avoid user discomfort; i.e., the left and right images must be synchronized and
properly aligned or corrected [51].

¢ Quality: The image quality has to be comparable with the one of the direct visu-
alization. Low image quality can lead to surgical errors or surgeon discomfort.

e Frame rate: The frame rate is the number of images displayed per unit of time. The
effect of the frame rate is linked to controllability and surgical performance. The
range of acceptable frame rates is placed between 10 and 30 frames/s. Users can
adapt to lower frame rates, but that compromises performance and comfort [52].

® Delays: The delays correspond to the time between the acquisitions and displays
of an image. Users can easily adapt to delays below 50 ms in teleoperated systems.
Higher delays impact user performance and cause discomfort [52].

Unfortunately, quality, frame rate, and delay are linked together. A high-quality image
requires more bandwidth for transmission. If this capability is limited, it can cause reduc-
tions in frame rate and an increase in transmission delay. Therefore, it is important to find
a good trade-off between these three parameters.

3.5.3.1 Visualization Devices

The creation of an ergonomic and effective operative setup is the first challenge to be over-
come when developing new microsurgery systems. This involves careful selection and
configuration of visualization devices. Several kinds of stereoscopic visualization systems
can be used to display video coming from the microscope or endoscope cameras. Table 3.1
presents a summary of the advantages and disadvantages of the following devices:

¢ Head-mounted display (HMD): An HMD is usually a helmet or a pair of glasses
featuring a small optic display in front of each eye. Helmets are usually heavier
but better cover the visual field, increasing the immersion. In contrast, glasses are
lighter but provide less immersion.
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TABLE 3.1

Comparison of Existing Technologies of Stereoscopic Visualization Devices

Device Advantages Disadvantages
Head-mounted display ¢ High mobility * Wearing heavy helmet/glasses

Lower image quality than that of a
screen
e Too immersive (device covers most

of the visual field)
Virtual binoculars e Similar visualization as the classical ¢ Lower image quality than that of a
microscope screen
* No need for wearing glasses * Lower mobility
Shutter glasses + e Several people can see the scene in * Wearing glasses
monitor three dimensions * Lower image brightness (each image
* Good image quality left/right is shown half of the time)
Autostereoscopic ¢ Several people can see the scene in e The correct visualization depends
display three dimensions on the position of the viewer relative
® No need for wearing glasses to the display

® Virtual binoculars (VBs): This system is technically equivalent to the HMD, but it
is mounted on a fixed position and is meant to be used as the classical microscope
binoculars. There are commercial microscope systems that include their own VBs,
but the concept can be applied to any microscope equipped with cameras or even
to endoscope systems.

® Shutter glasses + 3D monitor: A 3D monitor is a screen that is able to display
images at a high frequency, alternating left and right images. The shutter glasses
can, synchronously with the monitor refresh rate, occlude selectively each eye.
This way the user sees different images with the left and right eyes, creating the
stereoscopic effect. The shutter glasses can be wireless and light and have good
autonomy.

* Autostereoscopic display: This kind of monitor displays simultaneously the left
and the right images but, thanks to the construction of the screen, each image can
be seen only with one eye. The correct visualization of the images and the stereo-
scopic effect work only at specific viewer positions [53].

3.5.3.2 Augmented Reality

Another challenging area related to visualization systems for surgery is augmented reality.
The use of AR techniques can significantly improve the visual perception of the surgical
area. Such techniques can be used to combine video streaming with computer-generated
images, allowing the addition of relevant and useful information directly in the surgeon’s
field of view. However, the correct combination of different information in a consistent
image is a complex task, especially when the scene being observed is highly deformable
such as in soft tissue microsurgery. Thus, a correct tracking of features and estimation of
tissue deformations is mandatory for an efficient surgical AR system.
Examples of important potential uses of AR in surgery include the following:

e Highlighting of critical tissue: This can offer significant help to surgeons. For
example, cancerous tissue can be highlighted to assist in the identification and
definition of surgical margins. Or, on the contrary, AR can be used to highlight
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and protect delicate tissue such as blood vessels and nerves. The detection and
identification of the critical tissues can be done in a preoperation phase or dur-
ing operation using image-processing techniques. These techniques are currently
under research and are hardly used in real surgical scenarios.

¢ Display of assistive information: AR can also be used to render operation infor-
mation, such as cutting paths or ablation areas planned graphically. This is the
case, for example, of the computer-assisted laser microsurgery system presented
by Mattos and Caldwell [54]. In this system, laser trajectories defined intraop-
eratively enable subsequent automatic laser control and precise execution of the
planned action [54].

3.5.4 Haptic Feedback

Providing force and tactile feedback to surgeons is a major goal in the surgical robotics
area. This type of information is expected to bring safety and precision to telesurgery
and also to enable the use of common diagnosis methods such as palpation and thermal
inspection, which have became impossible with the use of surgical robots. Due to the
delicacy of tissues typically involve in microsurgeries, haptic feedback has the potential
to significantly improve these procedures and, thus, constitute a major challenge area in
this context.

The term haptic comes from the Greek verb dntecOou (haptesthai), which means “to touch.”
It refers to tactile interaction and can be extended to include the perception of objects and
the self in space. As a perceptual system, haptics relies on the person’s cutaneous and kin-
esthetic subsystems [55]:

¢ Cutaneous subsystem: This subsystem consists of mechanoreceptors, thermore-
ceptors, and chemoreceptors embedded in the skin. It is responsible for detecting
static characteristics of touched items, such as roughness and smoothness; shape
and orientation; stickiness; compliance; and temperature.

¢ Kinesthetic subsystem: This subsystem uses mechanoreceptors of skeletal stri-
ated muscles, tendons, and joints. It is responsible for acquiring dynamic infor-
mation from limbs, which are highly important in manipulations. These include
position, orientation, and movements in space.

By merging information acquired from these two subsystems, the human brain can
reconstruct more complex data, such as weight and inertial characteristics, or the shape of
objects. This capability has fundamental importance in everyday life [56] and, thus, also
for surgical procedures [57].

The challenges involved in adding haptic feedback to robot-assisted microsurgery sys-
tems currently lay on both the integration of sensors into the microsurgical tools and the
creation of appropriate interface devices capable of rendering haptic information to the
users. Current research and technological development efforts are expected to bring sig-
nificant improvements to these areas in the near future.

3.5.5 Control Interfaces and Ergonomics

Because microsurgery targets a site that is beyond the typical direct perceptual and man-
ual capabilities of humans, a critical aspect of this field is the usage of technologies that
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mediate and assist the microsurgeon’s activity during the visualization of the target, the
control of surgical tools, and the management of the multisensory feedback derived from
tool-target interactions, all of which occur within a specific space: the control interface.

In particular, microsurgery technologies should offer a control interface able to match
the skills, limits, and needs of the surgeon in order to increase his/her performance and
the safety of the procedures. Considering the multidimensional (perceptual, cognitive,
affective, and motor) processes underlying any human activity, it is important to adopt an
interdisciplinary human-centered perspective to represent a specific activity and to design
and evaluate the control interfaces that support it. Such an approach, embracing constructs
and methodologies of psychology, biology, medicine, and engineering, is offered by the
discipline of ergonomics.

Stone and McCloy [58] analyzed the approach of ergonomics as science of the inter-
action between humans and their working environment in medical and surgical fields.
The authors highlighted different factors that should be investigated to optimize inter-
face system performance and to maximize user well-being and operational effectiveness,
including anthropometric and biomechanic aspects of human body (which are related to
gestures and posture of the surgeon), and cognitive processes, whose limitations (e.g., lim-
ited attention and mental workload) become critical during complex tasks requiring high
levels of attention and control over time. Such cognitive processes are also affected by cul-
tural stereotypes and expectations about the equipment and the operation. Furthermore,
they are also affected by the level of knowledge of the user about surgical equipment,
medical practices, and clinical conditions (including emergency).

In this context, surgeon training is a challenge for new microsurgery systems. This
should be integrated in the design of any control interface that aims at assisting directly
the user’s cognitive skills. Moreover, the control interface should be intuitive and require
little training to be used effectively. This leads to an approach to equipment design that
considers the flexibility of human cognition and its limitations in information processing
[59], which requires investigating how the new tool will affect the surgeon and how the
surgeon will utilize the new tool.

The subjective nature of constructs that define the study of behaviors during complex
tasks requires specific methodologies of analysis and evaluation. All constructs are inter-
related and they emphasize different task-relevant aspects of human activity, like mental
workload: the amount of cognitive resources allocated and employed during a task [60]. For
instance, the construct of usability is defined as “the extent to which a product can be used
by specified users to achieve specified goals with effectiveness, efficiency, and satisfaction
in a specified context of use” (ISO standard 9241-11, 1998). It depends on the capability
of performing the task (effectiveness) with the least use of resources (efficiency) and the
gratification experienced by the user (satisfaction). Other dimensions are also crucial in
training [61]: learnability (ease of learning the task during the first trials); memorability (ease
of restoring the previous level of operation outcome after a period of inactivity); and errors
(number and severity of errors, ease of coping, and recovering from errors).

The evaluation of a control interface according to the described ergonomic constructs
can be performed based on different methodologies designed to measure user behavior
and system performance as a function of the tools used [62], the task, and the context.
Subjective methods considering the user’s point of view include focus groups [63] and, in
particular, questionnaires like the system usability scale (SUS) [64] for usability and the
NASA Task Load Index (NASA-TLX) [65] and surgery task load index (SURG-TLX) [66] for
mental workload. Also “thinking aloud” during the interaction trial can offer information
about the user experience [67].
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The interface evaluation can be done based on quantitative performance data. Such data
may be obtained experimentally using imaging-based metrics of surgery-like tasks [68] or
biometric variables about user state and workload (e.g., eye tracking [69], psychophysiologi-
cal changes [70], and motion analysis [71]).

Furthermore, qualitative methods like video analysis of behavior [72] can also be used.
These consider the direct observation of user’s behavior during the actual task in order to
find the meaning of certain situated actions and, for instance, the reasons for a breakdown
during the interaction.

The data collected using these subjective and objective measures can be integrated,
generating a comprehensive assessment of the microsurgical system control interface.
For example, Mattos et al. [73] compared two different systems for laser phonomicro-
surgery according to usability questionnaires and imaging-based metrics as measures
of performance in surgery-like tasks. The authors also compared the self-evaluated time
and the actual time spent to accomplish the tasks in order to obtain an estimation of men-
tal workload [74]. Using this same methodology, Barresi et al. [75] obtained data prov-
ing the benefits of the novel microsurgery control interface in terms of reduced mental
workload.

Considering this user-centered design perspective, surgical robotic systems currently
employ control interface solutions that are based on a master—slave relationship [76]. This
means that the surgeon sits at a control console, manipulating the master system and visu-
alizing operations on a video display. Systems of this type typically lack haptic feedback to
the surgeon, who operates from a nonsterile location away from the operating table. This
can be a critical issue in case of emergency, so novel control interface designs are focusing
on bringing the surgeon back to the patient’s side.

3.5.6 Surgical Planning

The term surgical planning can comprehensively describe the process of defining and fitting
specific surgical actions to the actual operating condition to increase the operation accu-
racy and safety [77]. Planning is extremely important for any kind of surgery but becomes
critical for many types of microsurgeries due to the required precision and the delicacy of
tissues involved.

Preoperative surgical planning typically starts with a collection of information about the
patient, including 2D or 3D multimodal images, which can be later combined with general
information about human anatomy to produce patient-specific anatomical models. In the
case of MIS, careful preoperative planning helps the surgeon to individualize the best
entry points and robot configuration for specific procedures on the specific patient. In gen-
eral, the benefits of preoperative planning for robotic surgery include [78] the following;:

e Minimization of setup time by predefining the intraoperative placement of the
surgical robot and the procedure for approaching the surgical target.

* Maximization of the intraoperative movable range of the robot, which can have
significant impact on the success of the operation.

* Minimization of risks and “surprises” during surgery since the surgeon can study
the case and start the procedure knowing exactly what has to be done.

e Education: Preoperative planning can serve as an educational tool for less experi-
enced surgeons, especially if it is associated with a virtual training system.
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Once patient data are obtained, the main subsequent steps during surgical planning
include preoperative reconstruction and intraoperative registration. These are two areas
posing significant challenges to the creation of intuitive and clinically usable surgical
planning systems.

3.5.6.1 Preoperative Reconstruction

The main approaches used to visualize 3D patient anatomy using data acquired through
computed tomography (CT) or magnetic resonance imaging (MRI) are (i) direct volume
rendering from raw data and (ii) surface rendering from segmented data.

Volume rendering is of great clinical interest when dealing with contrasted malforma-
tions (e.g., in the vascular system or bones) or with pathologies visible through enhanced
contrast, such as vessel diseases (aneurism, atheroma, and calcification) or tumors [79].
However, current technology is still limited, making volume rendering unfeasible in a
number of the clinical situations. For example, organs cannot be visualized independently
if they have the same gray level in the acquired images, making independent volume
computation a very hard problem. Consequently, volume rendering is still not usable for
advanced surgical planning in these cases. On the other hand, volume rendering pres-
ents a great benefit: It allows 3D visualization without preprocessing; i.e., no delineation
is required to generate useful results for diagnosis and surgical planning in many other
cases.

The visualization of 3D patient anatomy based on surface rendering requires first the
delineation of the structure of interest. This can be performed semiautomated or auto-
mated [80]. The subsequent step consists of rendering the 3D structures based on a mesh
generation process that provides the surface of the delineated structures. This preprocess-
ing is the main drawback of the technique due to the possible difficulty and duration of the
initial delineation step. Moreover, automated segmentation is in practice not guaranteed in
clinical routine due to the large variability in medical image quality. This means that the
segmentation quality has to be always checked by an expert.

3.5.6.2 Intraoperative Registration

The process of medical data registration consists of the identification of the position of
the preoperative information in the frame of the intraoperative display [81]. Intraoperative
information on anatomical structures can be recovered with different run-time imaging
modalities [82]. An example is intraoperative ultrasound (US), which is noninvasive and
can allow the identification of structures of interest. However, US images present disad-
vantages in terms of quality: Besides noise and echoic reflections, such images may be
distorted due to varying velocities of sonic propagation in different kinds of tissue [83].
Another intraoperative imaging option is open MRI [84]. Unfortunately, such systems can
be affected by the surgical instruments, which can cause electromagnetic interference and
create artifacts in the imaging data. Tomographic intraoperative imaging modalities are
yet another option. These can potentially provide anatomically coregistered information
about the 3D shape and morphology of soft tissue, but their deployment in operating the-
aters is still a significant challenge. Currently, the most practical method of recovering the
patient anatomy intraoperatively is through optical techniques using stereo cameras.
Intraoperative registration techniques can be classified as manual, semiautomatic, and
automatic [85]. Manual registration provides simultaneous visualization of the patient and
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the preoperative 3D model, allowing the user to manually modify the model position,
scale, and orientation to achieve proper superposition over the patient image. The use of
tissue landmarks is generally helpful in this process. These are often anatomical struc-
tures such as ribs, iliac crests, and clavicles or boundaries between different tissues.

Semiautomatic registration methods are also based on landmarks. In this case, these are
identified on both the preoperative 3D model and the real patient. Once landmarks are
identified on the model, the user is typically requested to point at the corresponding land-
marks visible on the patient by using a tracked pointer. The algorithm then computes the
registration parameters to properly superimpose the landmarks and, thus, the 3D model.
In comparison with the manual method, semiautomatic registration is more complex and
requires more time. However, it results in higher registration precision, especially when
dealing with rigid structures such as bones.

In order to achieve fully automatic intraoperative registration, two main issues have to
be considered: (i) physiological organ or patient motion and (ii) surgical instrument’s inter-
actions with the organs. Moreover, in case the registration has to be accomplished on video
from a moving camera or display (typically an endoscopic camera or a head-mounted
display), the system is required to track the position and viewpoint of these devices. In the
operating room, 3D model registration has to be done using intraoperative sensing, which
typically involves the use of 3D localization systems, X-ray or ultrasound images, and the
surgical robot (if one is used).

Intraoperative registration accuracy is a major concern when the registration results
are used for surgical guidance or safety supervision. This is particularly the case for
microsurgeries, which require high precision due to the small nature of the operations.
Discrepancies in the registration process can generate erroneous guidance information
and lead to dangerous conditions. However, the creation of a high-accuracy automatic
system for intraoperative registration during microsurgery is yet an open challenge. This
problem is especially hard since most microsurgeries are performed on soft tissue, requir-
ing real-time tracking of tissue deformations.

3.5.7 Safety

The introduction of robotics in medicine and surgery has been very slow compared to
other fields like manufacturing processes or exploratory missions where robots can per-
form specific, delicate, precise, or even dangerous tasks. Safety is a major reason for this
delay. This section discusses the safety aspects that make this combination of task (sur-
gery) and tool (robot) so complicated.

Robot actions on human bodies are associated with high risk for health, even if the task
has nothing to do with medicine or surgery. The usual approach to guarantee safety dur-
ing robotic tasks is to keep human beings as far as possible from the robot motion. This
restriction has inspired new research areas to develop hardware [86] and control algo-
rithms [87] that allow robots to interact more safely with humans.

Surgical applications seem to be the worst-case scenario for the use of robots. Not only
the task, by definition, implies close proximity to a human being where the actions of the
robot are meant to have a consequence, but also the patient has no opportunity to perceive
and, thus, react to robot actions. Furthermore, safety is a real and very important concern
for surgery. Potential risks associated with any new technology to be used in operating
rooms are meticulously evaluated before its approval.

The intersection of these restrictions leaves very little room for developing robotic sys-
tems useful and safe enough for surgical applications. Nevertheless, this is possible and
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robotic technologies can indeed offer interesting and safe solutions to most drawbacks and
limitations of current surgical procedures.

The important fact to note here is that, differently from other fields where safety speci-
fications for robot operation are global, the required safety for surgical robots depends
on the specific surgical procedure it is intended for. This is compatible with the safety
protocols applied during conventional surgeries, where risks are explicitly listed and
evaluated on a case-by-case basis. In this sense, and as a reference point, it is useful to
compare the benefits and risks introduced by a surgical robot to those from conventional
procedures.

3.5.8 Autonomous Behaviors

Procedures involving microscopic tool-tissue interaction pose significant challenges to
clinicians. These are associated with the complexity of doing actions at miniscule scales,
which require precise control of small movements and forces. In addition, further chal-
lenges are posed by the fact that during microsurgery the surgeon might not visualize
the surgical site directly. Inadequate perception may affect the performance of clinicians,
hindering the execution of even potentially simple tasks.

To compensate for these issues, surgical devices may offer a level of assistance that goes
beyond the mere execution of the surgeon’s commands. This includes the automation of
certain tasks. For instance, the device may be able to perform suturing in an autonomous
fashion.

Generally speaking, autonomy is regarded as the capability of a person or system to per-
form a task with little or no direction from another entity [88]. Figure 3.14 shows a typical
operational loop during surgery. In this case, the surgeon is in direct control of the surgical
device, which operates on the patient. Based on his/her perception, the surgeon decides
the actions to be performed. This is the case of traditional microsurgery and also of robot-
assisted surgery performed with systems such as the da Vinci robot.

Autonomy does not just involve performing a sequence of tasks; it also involves the capa-
bility to perceive the environment (the patient) and adapt its behavior and actions based on
this perception (see Figure 3.15). Over the last decade, several autonomous solutions have
been investigated in the scope of surgical robots, especially in the field of microsurgical
devices because of the high precision required [89-94]. Not all autonomous surgical robots
offer the same level of assistance, which may vary significantly.

Surgeon

Is perceived Controls

Patient Device

o

Operates on

FIGURE 3.14
Traditional operation loop.
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FIGURE 3.15
Operation loop with a device capable of performing tasks autonomously.

The level of autonomy of a surgical device can be evaluated by the amount of user inter-
action required to accomplish a task. Highly autonomous devices necessitate little guid-
ance from the surgeon and are able to operate without human intervention. At the other
end of the spectrum, the devices are completely under the control of the surgeon, who
provides motion commands through a master control interface.

A classification of surgical robots based on the amount of user interaction has been
recently proposed by Moustris et al. [88]. Based on the framework originally proposed by
Niemeyer et al. [95], three categories were defined: (i) manual control, (ii) shared control,
and (iii) supervisory control. Robots belonging to the first category are under direct con-
trol of the surgeon and replicate his/her gestures. Robots in the second category share the
control of the actuators with the surgeon. This is useful for the implementation of safety
features such as virtual fixtures to protect delicate areas. Finally, robots belonging to the
third category are capable of performing an entire task autonomously, with the surgeon
simply supervising the operation.

3.6 Conclusion

Microsurgery systems are being revolutionized by robotic technologies. Handheld robotic
tools and teleoperated robotic systems have already started to transform the way these
highly delicate and demanding surgeries are performed. The new technologies bring
improved precision, safety, efficiency, and quality to microsurgery by augmenting the sur-
geon’s sensing and actuation capabilities. Nevertheless, this revolution is still in its nascent
phase. Many challenges have yet to be overcome until robotics can achieve their full poten-
tial in microsurgery and make robot-assisted systems become required tools in operating
rooms.

Major challenges associated with the progress of microsurgery systems have been dis-
cussed in this chapter, including miniaturization and the development of novel control
interfaces. Miniaturization will allow surgical tools to reach and treat more parts of the
human anatomy, but progress from the current state will require multidisciplinary research
and development efforts involving engineering, chemistry, biology, optical physics, and
medical expertise. New microsurgery tools are expected to be created from a mix of nano-
and microtechnologies. This will entail major shifts in terms of materials, manufacturing



Microsurgery Systems 85

processes, assembly, and packaging of micromedical devices. Biodegradable materials,
hybrid structures of metals and natural materials, and tissue-engineered materials are
potential options for the future. Additionally, the emergence of graphene as a strong and
hard, yet thin and flexible material, promises to propel the miniaturization of everything
from tools to actuators to supersensitive sensors [96].

The future of microsurgery systems also involves an expanded exploitation of alterna-
tive energy sources such as lasers, ultrasound, and electromagnetics, which can bring sig-
nificant improvements to both imaging and treatment during surgery. Lasers, for example,
have the potential to miniaturize surgical actions to the cellular level or even eliminate the
need for microsutures by realizing tissue welding. In any case, the success of new micro-
surgery technologies in the operating room will be contingent on the ergonomics and
usability of their control interfaces, so progress in this area also faces challenges related
to human factors. This corroborates the assertion that a multidisciplinary approach is
required to create new clinically significant microsurgery systems.

Finally, surgical planning, augmented reality, and surgical robot autonomy are bound to
enable surgeons to achieve superhuman performance in microsurgery tasks. Once critical
challenges related to computer vision are overcome, these capabilities will greatly contrib-
ute to improvements in surgical precision, safety, and quality. The possibility of merging
multimodal images of diseases and anatomical structures to the intraoperative view, for
example, will assist surgeons to completely eradicate malignancies with higher safety and
minimal damage to healthy tissue. Moreover, the autonomous execution of specific tasks
and surgeon-defined surgical plans by robotic systems will help minimize operative time
and further improve microsurgery accuracy, safety, and quality to ultimate levels.
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4.1 Introduction

Microsurgical procedures require surgeons to work at the limits of human dexterity and
perception. A microsurgical procedure can generally be defined as any surgical technique
which requires the surgeon to perform actions or observe structures at the micrometer
level (i.e, less than 1 mm). Microsurgery often makes use of an operating microscope, as
well as a variety of other specialized instrumentation allowing increased perception and
dexterity, which requires years of training and experience to master the techniques needed
for safe and effective surgery and telesurgery in remote applications. Subsequently, the
field is ideally suited for the use of assistive technologies such as computer assistance or
image guidance. In general, image guidance may allow improved surgeon confidence,
spatial orientation, and anatomical understanding. Some microsurgery systems such as
da Vinci and Raven mimic the motions of the user, allowing motion scaling, remote center
compensation, and tremor reduction in remote applications, as will be discussed in this
chapter.
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4.1.1 What Is Image Guidance?

Any surgical procedure in which medical imaging data are used to assist the surgeon in
the performance of that procedure may be considered, at some level, as image guided.
From cases in which a patient’s broken arm is X-rayed and the image is examined by
the physician in order to provide information about the location and extent of the injury,
to highly delicate neurosurgical procedures involving multiple imaging modalities, com-
puter-assisted planning, and intraoperative navigation or robotics. The development of
image-guided surgery (IGS) as a whole is closely tied to the history and progression of
medical imaging techniques. Image-guided surgery can be thought to have started with
the discovery of the X-ray; however, the modern age of image guidance as we now know
it was born with the advent of computed tomography techniques. By allowing the recon-
struction of the three-dimensional patient anatomy, it became possible to more accurately
and intuitively guide the surgeon to the desired location within the body; this was initially
accomplished through the use of stereotactic frames, the predecessor to modern surgical
navigation techniques.

The first reported mention of surgical navigation in a general context was around 1989;
when Schlondorff et al. presented a system in which the position of a tool was displayed
relative to the anatomy on a computer screen within the operating room (OR) [1], thereby
setting the scene for all subsequent work. It is worth noting that while early image-guidance
systems utilized concepts identical to those used today, they differed significantly in the
details of hardware and software interfaces. Note, however, that work utilizing image-
guided surgical robotics came about even earlier (circa 1985 [2]), and that image guidance
through stereotactic frames earlier again.

4.1.2 Why Image Guidance?

In the subsequent sections a number of examples of the use of image guidance in the
context of microsurgery will be examined. First, however, a detailed consideration of the
advantages of image-guided surgery will be presented along with an analysis of image-
guided system components. Microsurgery requires extremely high levels of dexterity, per-
ception, spatial coordination, anatomical knowledge, and clinical experience. This requires
years of training and, no matter how experienced the surgeon is, one slip of the scalpel can
have disastrous results for the patient. It is in this context that image guidance can be use-
ful; by using the technology now available, image guidance aims to make microsurgical
procedures both easier to perform and safer for the patient. These technologies also have
the potential to make new surgical techniques possible or allow the treatment of previ-
ously untreatable conditions. Used inappropriately, however, image guidance also has the
potential to make things worse.

What is important in an image-guided surgical system? One of the primary require-
ments is a system well adapted to the surgical procedure for which it is being used. This
includes appropriate accuracy, intraoperative feedback, OR integration, and a variety of
other factors. In terms of accuracy, as the procedures typically defined as microsurgery
involve work at scales below 1 mm, this can be defined as a pseudo—upper limit for the
accuracy; however, one must consider the exact procedure being performed as the accu-
racy requirements may be even more severe (or lax). There are a number of potential error
sources which may limit the overall accuracy of navigation. The spatial resolution and
accuracy of imaging data, the aforementioned registration process, and the accuracy of
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Imaging —mo—ouou—uyp Planning Guidance
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FIGURE 4.1

A typical image-guided surgery work flow. Medical image data are obtained preoperatively, registered to the
patient intraoperatively, and then utilized to guide the surgeon to a target within the body while avoiding criti-
cal structures.

the tracking system used directly affect achievable accuracy. Other factors such as bend-
ing of nonrigid tools or movement of organs within the body may also play a significant
role.

How information is fed back to the surgeon is also vital. Confusing or contradictory dis-
play of information can discourage use or, worse, lead to improper use. The same applies
if the use of image guidance increases parameters such as operative time or invasiveness.
In these cases the benefits provided by the use of the system must be large enough to over-
come these drawbacks. Image-guided surgical systems are expensive, and clear benefits
should be demonstrated; early adopters may be convinced to use the systems, but the suc-
cess of image guidance is predicated on the benefits to the patient.

Limiting the evaluation of image guidance to the context of microsurgery, the range of
techniques and procedures is still vast. Therefore, it may be instructive to consider the
typical components of image guidance, as shown in Figure 4.1, individually before consid-
ering a variety of examples in fields representative of microsurgery, such as otorhinolar-
yngology (ORL) and neurosurgery.

4.2 Image Guidance Components and Workflow
4.2.1 Image Acquisition

There are two actions required for all types of image guidance: the acquisition of medical
imaging data and the presentation of these data to the surgeon. Image acquisition can be
preoperative (prior to the surgery) or intraoperative (during the surgery); the images can be
functional (provide physiologic information) or structural/anatomical (provide informa-
tion only about the patient’s anatomy), and images can be obtained using one of a variety
of imaging modalities or constructed from a combination of them. The imaging modality
(or modalities) used can have an important impact on the subsequent image-guided work
flow. Every imaging method has advantages and disadvantages. Some modalities may be
appropriate for general surgery but not within a microsurgical context; we will consider
each modality in turn in the sections below.
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CT is the imaging modality most commonly used for image guidance and particularly
within the context of microsurgical procedures. CT has a number of advantages: high spa-
tial accuracy, high resolution, good image quality, lack of noise, and widespread availabil-
ity of systems; but it is not without a number of issues, the most limiting of which is the use
of ionizing radiation, which generally precludes the use of CT as a real-time intraoperative
modality. The relatively poor soft-tissue contrast also disqualifies CT for use in certain
procedures or in certain anatomical regions. Fluoroscopy is similar to CT in that it requires
ionizing radiation for image formation; however, it differs significantly in the details. In
general, the dose is lower but less information is obtained (i.e., a single 2D slice), and imag-
ing can be completed in real time. Similar issues with soft-tissue contrast are also present,
although the use of contrast agents, for example, in the case of cardiovascular imaging,
may alleviate these problems.

Cone-beam computed tomography (CBCT) (also flat-panel CT, or digital volume tomog-
raphy) uses a conical beam during image acquisition, reconstructing the patient anatomy
from the acquired volumes (Figure 4.2). Only a single rotation of the gantry is required
to fully reconstruct the anatomy; however, the increased complexity of the reconstruc-
tion process can lead to potential increases in imaging artifacts [3-4]. Additionally, while
CT provides absolute information about the density of structures through the Hounsfield
scale, this does not apply to CBCT images as the intensity is dependent on the distance
from the X-ray source. CBCT is used extensively in dental procedures, and that it has

Preoperative plan

Position

feedback
Tracking

Tool
guidance

Registration

FIGURE 4.2

An image-guided robotic system for minimally invasive otologic microsurgery. Cone-beam CT data are
acquired preoperatively and a case-specific plan is created through the segmentation of vital structures and
the definition of a drilling trajectory. Registration of the plan to the patient is achieved through the use of
bone-anchored fiducial screws, which are detected semiautomatically both in the image and on the patient. A
lightweight five-degree-of-freedom robotic arm is used to guide the surgical tools through the utilization of
high-accuracy optical tracking. Feedback about the progress of the procedure is provided to the surgical team
on a monitor outside the surgical field.
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various technological advances means that it is gaining popularity in other areas, particu-
larly in ear, nose, and throat (ENT) surgery. Cone-beam CT may offer higher resolution
than that available with standard CT.

Ultrasound has a number of advantages; it is relatively cheap, portable, safe, and simple
to use and imaging can be completed in real time. The high-frequency sound waves used
can effectively penetrate soft tissue; however, bone or gas pockets generally shield the
anatomy within or behind them from imaging. The spatial resolution of ultrasound is
limited by the frequency used. Higher frequency can increase resolution but at the cost of
penetration depth as this is inversely related to the frequency. As many microsurgical pro-
cedures involve structures attached to or embedded within bone, ultrasound is mostly uti-
lized intraoperatively and typically in combination with other, high-resolution modalities.

MRI remains the newest of the major imaging modalities. It functions through the use
of powerful magnetic fields, which interact with the hydrogen atoms within the body,
aligning the articles with the field. Particles are then knocked out of alignment by elec-
tromagnetic pulses. Eventually, particles are realigned with the field at a rate dependent
on the particular tissue type. MRI does not require ionizing radiation, provides excel-
lent soft-tissue contrast, and uses a variety of protocols to achieve specific imaging needs.
Drawbacks include lower resolution than that available with CT and long scanning and
reconstruction times. The large magnetic fields involved also means that using MRI as
an intraoperative modality with standard (metal) surgical tools is impossible. The small
bore of the machine is a further problem which can drastically reduce the surgical access
in cases requiring intraoperative imaging. Specialized intraoperative MRI machines exist,
typically with field strengths on the lower end of the spectrum and specialized designs
to allow for increased surgical access, usually at the expense of image quality. Examples
include “double-donut”-type superconducting machines [7-8] or the Odin PoleStar system
[9], a semiportable, dedicated neuroimaging machine. MRI is used extensively in micro-
surgical procedures within neurosurgery and is often used in combination with CT in
order to provide high-resolution guidance information within the bony structures of the
skull, as well as more detailed information with respect to the borders of tumors or other
soft-tissue pathologies. Examples of images obtained with each of the major structural
imaging modalities are shown in Figure 4.3.

Functional imaging modalities such as positron emission tomography (PET) or single-
photon emission computed tomography (SPECT) differ from the other modalities in that
they provide very little structural or anatomical information but enable functional infor-
mation to be collected from the tissue. Subsequently, they are often combined with other,

FIGURE 4.3

A variety of imaging modalities may be utilized for image guidance; each modality has individual advantages
and disadvantages. Left to right: CT, MRI, ultrasound [5], and fluoroscopy [6] images of the head and the brain.
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FIGURE 4.4

Left to right: images of the cochlea utilizing standard CT (0.5 mm resolution), high-resolution cone-beam CT
(0.15 mm resolution), and nonclinical micro-CT (0.015 mm resolution). As microsurgery occurs at the microm-
eter scale, the resolution and quality of the acquired images is critical for accurate segmentation and planning.

anatomical, imaging modalities when used for image guidance (for example, PET-CT) [10]
within a microsurgical context.

When acquiring images for microsurgical procedures, a number of specific require-
ments must be met. The resolution of the images must be high enough that small struc-
tures, potentially smaller than 1 mm, can be perceived. There must also be sufficient
contrast between tissue types to arrive at a proper diagnosis and/or define a target.
Accurate spatial reconstruction is also vital for effective guidance to targets within the
body (Figure 4.4).

4.2.2 Surgical Planning

The concept of surgical navigation is an important one in modern image guidance. The
commonly applied analogy is that of global positioning system (GPS), in which the
surgeon is guided to the correct surgical site, or away from delicate structures, through
the combination of image data, a surgical plan, and tracking of surgical tools. The
imaging data, representing the map in our GPS analogy, can be obtained using any
appropriate imaging technique. After images are obtained, the surgeon can plan a
route to the target.

The planning phase can be completed pre- or intraoperatively and typically involves
the segmentation of anatomical structures and the definition of a target position and/
or avoidance regions. Segmentation is the delineation of specific anatomical structures
within image data. The simplest method, manual segmentation, requires the user, typi-
cally a surgeon, radiologist, or other qualified person, to trace the borders of the struc-
ture on each of the available slices or images. This can be time consuming, tedious, and
prone to errors in selection or interpretation. As such, a significant body of research is
focused on the development of automatic or semiautomatic segmentation methods. For
example, statistical or active shape-modeling techniques rely on the acquisition of large
amounts of data from which the statistical variation within the desired population can
be extracted and utilized for segmentation of new, unknown data sets. Semiautomatic
methods may require initialization from the user, for example, clicking a point within the
region to be segmented. Subsequently, algorithms such as active contours and level-set
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FIGURE 4.5

Left: The iPlan 2.6 surgical planning system from Brainlab allows segmentation and planning of generic image-
guided interventions [11]. Right: The custom otologic planning software OtoPlan from the University of Bern,
Switzerland, is specialized for segmentation of structures in the lateral skull base and allows planning of mini-
mally invasive microsurgical procedures.

algorithms are initialized with this point. Comprehensive discussions of medical image
segmentation methods are available in Pham et al’s [12] and Heimann and Meinzer’s [13]
papers. The planning process for microsurgery does not differ significantly from that of
other types of surgery as only the scale of image data is different; however, the selection
of suitable imaging modalities is critical such that structures can be successfully seg-
mented and targets defined (Figure 4.5).

4.2.3 Registration

In order to successfully execute an image-guided procedure, the surgeon requires feed-
back about the tool position. Before this can be done, a process known as registration is
required. Registration involves the transfer of anatomical or planning data from images to
the patient in the OR. That is, this process represents the calculation of the 3D transforma-
tion between the image data and the patient on the operating room table.

A variety of techniques exist, but all result in a transformation of 3D coordinates in the
image to their equivalent positions on the patient. We can divide these methods into three
separate categories based on the process used: point based, template based, and surface
based.

Point-based registration represents the matching of corresponding points, whether
artificial or anatomical, in the image and on the patient. The accuracy of these methods
depends only on the ability of the system (with or without user error) to accurately identify
identical points in both coordinate systems. This error is commonly referred to as the fidu-
cial localization error, or FLE. As perfect point selection is impossible; matching of the two
point sets implies finding the best fit, i.e., by minimizing the difference between points.
This optimization process results in a parameter known as fiducial registration error
(FRE), which is essentially the remaining error after the matching. In general, assuming
no systematic error is present; the registration accuracy will improve with increased num-
bers of points. FRE (error of matching process) is the most commonly reported measure-
ment of accuracy for image-guided systems. This parameter, however, has been shown to
have no mathematical or physical relationship to the targeting or navigation error at other
points [14]. The mathematics behind point-based registration methods has been studied
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in depth, with seminal works from Fitzpatrick et al. [15] and Maurer et al. [16] and more
recent works including those from Wiles et al. [17] and Moghari et al. [18].

Surface-based registration involves the matching of surfaces segmented within the
image and the same surfaces measured intraoperatively on the patient. The accuracy of
surface-based registration is highly dependent on a number of factors and is also sus-
ceptible to the same error sources as those present in point-based matching. Of primary
concern is the accurate detection of the surface points, while the rigidity of the surface and
the ability to digitize the “true” surface, i.e., the same surface as extracted from the imag-
ing data, also play a role. This ability may be confounded by the surface being covered. As
an example, the surface of the bone can be directly digitized with a pointer; however, the
skin, fat, muscle, and fascia must be removed in order to reach the bone. An overview of
algorithmic considerations in surface-based registration is provided by Audette et al. [19].

Finally, image-guidance systems which utilize template-based registration methods are
essentially self-registering once attached. Template-based methods involve the creation
of a patient-specific template which fits directly onto the patient anatomy; these rely on
accurate segmentation in the image, accurate manufacturing, and accurate intraoperative
positioning [20-21]. Modifications of the techniques utilized during the use of a stereo-
tactic frame have also been proposed. Frame-based methods require a known coordinate
system to be imaged along with the patient; noninvasive methods may involve the use of a
bite block to which the frame is then attached in a known configuration. They can be cum-
bersome and may suffer from loss of accuracy due to movement if not anchored to bone or
the fit between pieces is not perfect [22].

It is important to note that the registration process typically results in a large percentage
of the error encountered during navigation; as the achievement of high accuracy is vital
to the successful completion of image-guided microsurgical procedures, the registration
procedure used is vital. The gold standard, the method capable of providing the highest
possible accuracy, is represented by the use of bone-anchored fiducial markers which can
be located with high-level accuracy both in the image and by the surgeon on the patient
[23-24].

If intraoperative imaging is used in combination with preoperative imaging, the regis-
tration of the two data sets may be necessary (Figure 4.6). Image-to-image registration can
be a challenging process, particularly in cases of registration between imaging modali-
ties or moving, deforming, or otherwise dynamic anatomical structures. It is possible to
register not only between imaging modalities of the same dimensionality (i.e., 3D-3D) but

FIGURE 4.6

A variety of methods can be used for registering the patient to pre- or intraoperative imaging data including
point-based methods using (left) bone-implanted fiducials [25], (center) surface-based methods [26], or (right)
template-based methods [20].
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also between lower- and higher-dimensional modalities. Examples include the registra-
tion processes by Zollei et al. [27], in which intraoperative, two-dimensional fluoroscopy
data are registered to preoperative CT data, and by Rietzel and Chen [28], where the reg-
istration of moving anatomy in CT is considered. In a microsurgical context, this may be
necessary in neurosurgical procedures in which brain shift plays a significant role and
intraoperative imaging is available.

For interested readers, a comprehensive overview of registration methods and proce-
dures was provided by Maintz and Viergever in 1998 [29]; information regarding more
recent developments can be found in Zitova and Flusser’s [30], Eggers et al.’s [31], and Hill
et al’s papers [32], or detailed information regarding image—image techniques in Oliveira
and Tavares’s paper [33].

4.2.4 Tracking

During navigated procedures it is necessary to track the tools, i.e.,, determine the posi-
tion of the tools in space, by some method. There are a number of possibilities, each with
a variety of advantages and disadvantages. Articulated-arm technologies, or mechanical
tracking systems, utilize a passive mechanical arm, extracting positions from joint encoder
values and the kinematics of the arm. Mechanical tracking was used in some of the earli-
est image-guided navigation systems [34]; however, it has mostly been replaced by other
tracking modalities. While these systems may demonstrate high levels of accuracy and
good repeatability, they tend to be bulky and cumbersome. Furthermore, each tracked
object must be attached to its own individual mechanical arm in order to track it, and the
movements of the surgeon are limited by the range of the mechanism.

Optical tracking systems localize surgical tools through the simultaneous acquisition
of images by at least two cameras, fixed in a known configuration; the 3D coordinates can
then be extracted by triangulation. The tracked features are used to create a coordinate
system and the instrument must be calibrated with respect to this coordinate frame in
order to effectively navigate the tool. Optical tracking systems require a direct line of sight
between the tracking system and the tracked tools, and the tools must be modified such
that they can be tracked, typically through the attachment of a marker frame containing
at least three trackable points or other features such as edges, corners, or defined patterns.
Due to the relatively high application accuracy, optical tracking is the most commonly
used tracking method in microsurgical procedures; one should, however, be aware that
accuracy can be reduced by a number of factors. Errors in the detection of individual fea-
tures lead to errors in the definition of the coordinate system and are magnified when
tracking a position at the tip of a long tool. Errors may also be introduced during the cali-
bration process. A range of optical tracking systems are available with varying accuracies
and work spaces; these are listed in Table 4.1.

In cases where very long tools are required, or line of sight is unavailable, alternative
means of tracking are available, including electromagnetic tracking. Electromagnetic track-
ing involves the generation of a magnetic field and the tracking of small sensor coils to
determine the position and orientation of a tool [35-36]. Electromagnetic tracking has the
advantage of not requiring direct line of sight between the tools and field generator, mean-
ing that tools can be tracked directly at the tip. However, it can be susceptible to interfer-
ence from metal tools within the magnetic field (although significant progress has been
made in this regard) and is less technically accurate than optical tracking.

If intraoperative imaging is used, this can also be used to track the position of surgical
instruments. For example, the utilization of ultrasound for tool tracking has been reported
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TABLE 4.1

Reported Accuracies of Commonly Used Tracking Systems?

Measurement
Range Accuracy
Manufacturer Type (mm) (mm)
Polaris Vicra NDI Optical 557-1336 0.25
Optotrak NDI Optical 1500-7000 0.1
accuTrack 500 Atracsys Optical 154-2000 0.19-0.25
MicronTracker Claron Optical 300-2900 0.2
CamBar Bl AXIOS 3D Optical 150-300 <0.05
Aurora NDI Electromagnetic 50-500 0.48

2 Note that the majority of modern image-guided systems utilize optical tracking.
Electromagnetic tracking systems are also sometimes utilized; however, these systems
typically have lower accuracy than optical systems.

in the literature [37]. There also exist task-specific methods for localizing tools; one exam-
ple is in the context of minimally invasive cochlear implantation, in which a tunnel is
drilled from the surface of the skull to the inner ear. This method of localization combines
observed drilling force data with the inhomogeneous nature of the mastoid bone through
which the drill passes; the tool position is estimated by comparing observed forces with
the variable bone density throughout the region [38].

In general, standard surgical tools can be used for navigated procedures with some
degree of modification. Optically or electromagnetically tracked tools require attachment
of a tracking marker, while tools tracked using intraoperative imaging can generally be
used without modification, although alteration to simplify tracking may be possible. Note
that in practice almost all modern navigation systems utilize either optical or electromag-
netic tracking; the first example of the use of an optical tracking system in the context of
image-guided surgery was in 1994, in a work by Galloway et al. [39], and the arrangement
of image-guided surgical systems has not changed significantly since this date.

4.2.5 Instrumentation and Instrument Guidance

During image guidance, the surgical team must carry out a preoperative plan using feed-
back from the image guidance system; the simplest case involves the freehand use of
tracked surgical tools by the user. If a stereotactic frame of reference attachment was fixed
prior to imaging, this may be used to guide the tool position. Robotic assistance may also
be used to guide tools. Robots have been present in the OR environment since the mid-
1980s; many surgical robotic systems have been proposed and constructed but relatively
few have reached a wide level of acceptance in a clinical context; the reasons for this are
varied, but high costs relative to the achieved benefits play a large role as well as more
general concerns such as safety.

The first surgical robotic systems were designed for specific applications, many within
the field of orthopedics. The Acrobot system was developed to assist the surgeon during
the cutting of bones during total-knee-replacement procedures; active constraint control
is used to ensure that only the predefined cuts can be made and milling regions reached.
The surgeon maintains control of the manipulator, guiding the arm manually [40]. The
ROBODOC system was also developed within an orthopedic context, for the milling of a
cavity in the femur for the precise attachment and fitting of hip prostheses. The surgeon
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is required to manually move the robotic arm to three implanted fiducials for registration,
after which the robot will complete the desired cuts under the supervision of the surgi-
cal team [41-42]. In the context of neurosurgery, the neuromate was designed specifically
for microsurgical procedures on the brain and can be used in a number of configura-
tions (frame based or frameless) [43] and for a variety of tasks, including the placement of
electrodes for the treatment of functional neurosurgical procedures, including movement
disorders [44]. Similarly, the Pathfinder system can be used in a similar manner to a ste-
reotactic frame, indicating and constraining a biopsy needle or electrode to a preopera-
tively planned path [45-46]. Image-guided robotics has also been the subject of significant
research and development in other areas, including otorhinolaryngology (the OTOBOT
system [25]) and spinal surgery (SpineAssist [47]).

To date, the most popular (and commonly used) robotic system is the da Vinci (Intuitive
Surgical, Inc.,, Sunnyvale, California, United States). A master—-slave manipulator, the da
Vinci mimics the motions of the user, allowing motion scaling, remote center compensa-
tion, and tremor reduction. Similar systems include the Raven, designed for remote or
telesurgery [48], or MRI-compatible robotic systems designed for assistance during neuro-
surgical interventions [49)], illustrated in Figure 4.7. These systems can theoretically be uti-
lized in any field, although the advantages (most commonly decreased invasiveness) may
not outweigh the drawbacks (cost, increased operating time, and the additional training
and staff required) for microsurgical tasks. Manipulators of this type are not strictly image
guided in a traditional sense; however, the surgeon relies on endoscopic images to guide
the robotic tools and modifications to include preoperative imaging data in an augmented-
reality context have been proposed and investigated [51].

Other novel arrangements for robotic systems have been developed; some examples
include self-assembling robotic systems, snake and concentric tube robots, magnetically
actuated manipulators, and “microrobots.” Concentric tube robots allow increased surgi-
cal access without increasing invasiveness by utilizing precurved concentric tubes; the

FIGURE 4.7
Left: neuroArm is an MRI-compatible robotic system for neurosurgery [50]. Right: SpineAssist is designed to
assist with accurate minimally invasive placement of pedicle screws on the spine [47].
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translation and rotation of individual components allows the manipulator to form specific
shapes and reach previously inaccessible areas [52]. Snake robots have similar goals; how-
ever, these are nature inspired, having been created as flexible (or at least highly mobile)
robots for increased access within the body. Examples include the robots in Webster et
al’s [53], Cianchetti et al’s [54], and Simaan et al’s works [55]. Self-assembling systems,
for example, those by Harada et al. [56] and Nagy et al. [57], are introduced into the body
in individual components, which are then connected into some predefined structure in
order to perform tasks within the body. The use of external magnetic guidance and con-
trol has been studied in detail, for a variety of manipulator arrangements. Di Natali et al.
[58] presented a novel master—slave—type manipulator which utilized external magnets to
control three manipulators (including one camera) within the inflated abdomen; Kummer
et al. [59] presented control of microrobots in the eye by using external magnetic fields.
The majority of these developments have taken place outside the realm of microsurgery;
however, the potential for their usage within a microsurgical context is great. A number
of comprehensive reviews of surgical robotic technology are available for the interested
reader; these include those by Cleary and Nguyen [60], Camarillo et al. [61], and Haidegger
etal. [62].

4.2.6 Information Presentation

Presentation of imaging data can be as simple as an X-ray slice on a light box or com-
puter screen or as complicated as intraoperative 3D displays, projections directly onto the
patient, physical models created by rapid prototyping techniques, or the navigation of sur-
gical tools relative to the patient anatomy.

A variety of novel image-presentation methods have been proposed; for example, heads-
up displays, as in the works of Rolland and Fuchs [63] or Salb et al. [64], in which a semi-
transparent display is mounted directly onto the surgeon’s head. The projection of images
directly onto the patient anatomy has also been the subject of recent research; examples
include ceiling-mounted projection [65], in which the patient is positioned underneath the
projector and the internal anatomy is displayed directly on the skin. Handheld projection
has also been explored; this allows hidden anatomy or targeting information to be dis-
played directly on the patient [66].

Some surgical tasks do not have direct line of sight to the target organ or area, par-
ticularly laparoscopic and endoscopic procedures, and in these procedures the surgeon
already relies on imaging information from the scope presented on the screen. The combi-
nation of preoperative imaging, planning, and navigation information with these images
through the use of augmented-reality techniques have also been investigated [67-68]; how-
ever, suitable methods for combining this three- and two-dimensional information and
displaying hidden structures in an intuitive manner are still under investigation. The da
Vinci robotic interface allows the three-dimensional information to be perceived through
stereoendoscopy and viewing; this has been shown to improve the performance of surgi-
cal tasks, such as suturing, when compared to standard two-dimensional displays [69].
The use of three-dimensional displays in other contexts has not, however, been shown to
provide any significant benefit [70].

Recent research has been completed into how the addition of navigation information
affects the performance of surgical tasks, including whether the cognitive load of the sur-
geon is increased [71]. The use of projection or head-mounted displays may help to solve
diversion-of-sight issues, other problems such as parallax (changes in the perception of
the location of deep structures when displayed on the skin as the viewer changes location)
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may be introduced [72]. Further cognitive load may be introduced in cases where conflict-
ing information may be presented to the surgeon, or a confusing display. Methods for
visualizing tracking or registration errors have also been explored [73]; however, it is cur-
rently unknown exactly how useful this information is. Overall, relatively little research
has focused on user interface and interaction factors within the context of microsurgery.
However, as image-guided technology evolves, acceptance increases and the possibility
for use within new procedures presents itself; these factors are likely to become more
important and the subject of future research.

4.3 Image Guidance by Surgical Domain
4.3.1 Image Guidance in Otorhinolaryngology

The field of ORL has proven to be a pioneer in both microsurgery and image-guided sur-
gery. The structures of the head and neck, often embedded in or attached to bone, provide
an ideal rigid environment for the development of these systems; however, the density or
arrangement of vital structures within the surgical region of interest may impose daunt-
ing accuracy restrictions. Microsurgical techniques were revolutionized by the invention
of the operating microscope, and ORL surgeons were among the first to adopt the tech-
nology. By allowing increased perception of structures or pathologies, a new range of
procedures became possible. Image guidance has become standard practice within ORL
surgery; the American Association of Otolaryngology—Head and Neck Surgery endorse
this technology and recommends its use, particularly for cases of revision or abnormal
anatomy [74].

One representative example with respect to the progress in microsurgical navigation
technologies is that of cochlear implantation. Though the first attempts at utilizing image
guidance for minimally invasive access to the inner ear for cochlear implantation were not
until 2004 [75], advancement has proceeded rapidly over the last decade. Cochlear implan-
tation is a highly delicate procedure. The surgeon is required to mill away a large portion
of the mastoid behind the ear in order to visualize a number of vital structures which lie
between the surface and the inner ear. While the general use of traditional image guid-
ance may allow young or inexperienced surgeons to complete the procedure with greater
confidence, recent developments have demonstrated the potential for image guidance to be
transformative. Direct cochlear access (DCA) or minimally invasive cochlear implantation
(MICI) is a proposed modification to the cochlear implantation procedure which reduces
invasiveness by removing the need for a mastoidectomy by replacing the milled cavity
with a tunnel drilled directly from the surface of the temporal bone to a target on the
cochlea (see Figure 4.8). The major challenge in the successful completion of a DCA pro-
cedure is in the achievement of a suitable level of accuracy. The drill trajectory must pass
through a region known as the facial recess, bounded by the external auditory canal, facial
nerve (responsible for the enervation of the ipsilateral facial muscles), and chorda tympani
(responsible for the sense of taste), which typically has a width of approximately 2.5 mm
(although this varies throughout the population). To effectively pass an electrode through
the tunnel, a drill diameter of at least 1.5 mm is required, leaving less than 0.5 mm between
the instrument and the anatomy. Initial approaches to the procedure involved standard
navigation [75]; however, it was concluded that the navigation techniques and technology
available at the time were simply not accurate enough to safely implement the technique.
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FIGURE 4.8
Two approaches to minimally invasive cochlear implantation [76]: (a) patient-specific microstereotactic frame
and (b) custom-built high-accuracy robotic system.

Two approaches were proposed to overcome the issues presented by standard naviga-
tions (see Figure 4.9). The first involved the use of patient-specific templates or frames [76].
Based on the principles of the stereotactic frame, this approach involved the construction
of a patient-specific drill guide specific to the patient anatomy and the locations of several
preimplanted attachment posts. The constructed template is mounted to the posts, and
the drill constrained to the planned path. The use of these frames is currently undergo-
ing clinical evaluation [77]. The second approach involves the use of robotics; early work
involved the modification of industrial robots [78]; however, suitable clinical accuracy could
not be achieved and methods for integration into the operating room remained unsolved.

FIGURE 4.9

Image guidance during functional endoscopic sinus surgery [90]. (From Caversaccio, M. et al. “Frameless
computer-aided surgery system for revision endoscopic sinus surgery.” Otolaryngology—Head and Neck Surgery
122.6 (2000): pp. 808-813.)
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Custom serial [79] and parallel [80-81] manipulators were also developed and evaluated.
MICI presents an excellent case study in terms of what is required to move successfully
from image-guided surgery to image-guided microsurgery (IGuS); Table 4.2 presents the
approximate improvements required at each stage of the image-guided work flow.

Imaging quality and resolution are vital to the successful completion of microsurgical
procedures as they determine how accurately critical structures can be segmented, as well
as playing a role in the definition of a clinically suitable target. In the case of MICI, imaging
resolution can be reduced, without increases in radiation dose, through the use of high-
resolution cone-beam CT, allowing for improved segmentation and visualization. The reg-
istration process is responsible for a large part of the error in image-guided systems. It
is, therefore, vital that the process used in microsurgical procedures be as accurate and
robust as possible. Accurate registration relies on the accurate detection of correspond-
ing features in both the patient and the image; bone-anchored fiducials provide the high-
est accuracy of available registration methods. Semiautomatic methods can be used to
remove user bias or error in point selection at both stages of the registration procedure, as
described by Gerber et al. [23], in which the mean target registration error was reduced to
approximately 0.1 mm. Tracking errors can be reduced through the use of high-accuracy
tracking systems such as the CamBar Bl (AXIOS 3D GmbH, Oldenburg, Germany). Other
errors may be introduced during the guidance phase, and the use of robotics can help to
alleviate user-specific errors during alignment or positioning of instruments. The mini-
mization of other errors, for example, due to backlash or the bending of drills or burrs,
relies on the careful design and manufacturing of tools specifically for the required task.
The robotic system presented by Bell et al. [25] utilizes error-minimization concepts at
each stage of the image-guided procedure as described above, achieving an end-to-end
application accuracy of 0.15 + 0.08 mm at a target at the surface of the cochlea during in
vitro trials.

Other recent work in otology and skull base microsurgery has included the integration
of robotics into other stages of the cochlear implantation procedure. For example, work by
Brett et al. [82] utilized a small robotic device for the creation of an atraumatic cochleos-
tomy, in which the bony outer surface of the cochlear could be milled away but the endos-
teum left intact. Robotics has also been utilized for assistance in standard mastoidectomy,
for example, the da Vinci, as in the work of Liu et al. [83], or a custom parallel frame, as
in the work of Dillon et al. [84]. Robotics has also been utilized within other otologic pro-
cedures; Miroir et al. [85] described a robotic system designed for use within middle-ear
surgery. This master—slave manipulator allowed increased visualization of the target site
and improved tool stability during otosclerosis surgery.

Functional endoscopic sinus surgery (FESS) has become the standard surgical approach
for specific rhinologic procedures, particularly the treatment of chronic sinusitis and nasal
polyps (see Figure 4.9). These procedures originally required the opening of the skin and

TABLE 4.2

Estimated Accuracy Possible at Each Stage of the Image-Guided Work Flow
and Estimated Improvements Required for Image-Guided Microsurgery

Imaging Voxel Registration TRE? Tracking RMSP Guidance Overall

(mm) (mm) (mm) (mm) (mm)
1GS 0.5 1.0-2.0 0.25 0.5-1.0 2.0-3.0
1GpS ~0.15 ~0.1-0.2 ~0.05 ~0.05 ~0.2-0.3

2 Target registration error.
b Root-mean-square.
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were completed using a surgical microscope; however, seminal works from Messerklinger
[86], Stammberger and Posawetz [87], and Kennedy in 1985 [88] have played a large role in
the wider adoption of the endoscopic procedure. FESS has been shown to be as effective
as open procedures in the treatment of the pathologies for which it is designed [89]. The
major difficulties with the technique are due to the reduced access; difficulties with spatial
orientation may occur if landmarks cannot be identified, particularly in cases of abnor-
mal anatomy or surgeon inexperience. Research suggests that complication rates may be
reduced and that FESS may be useful in particular anatomical cases or for training and
assistance of inexperienced surgeons [91]. Many ORL surgeons now have extensive expe-
rience utilizing these navigation techniques, for example, those by Koele et al. [92] and
Caversaccio et al. [93], within a rhinologic context.

Laryngeal microsurgical procedures require an array of specialized instruments and
expertise. Classical image guidance or navigation is not widely used in this field; how-
ever, a variety of recent works have been completed, aimed at reducing complications and
improving patient outcomes. As an example, the current standard technique during pho-
nomicrosurgery (microsurgery relating to the quality of the voice) involves the use of a
surgical laser (typically CO,) in combination with a surgical microscope. A low-powered
beam of visible light coincident to the high-powered beam is used for feedback during
guidance, completed manually by the surgeon using a joystick. This has been shown to be
error prone and could be potentially improved by the use of robotics [94]. The use of robot-
ics within the throat has also been considered in other procedures, for example, laryngeal
or hypopharyngeal cancer as in the works by Park et al. [95] and by Hockstein et al. [96],
in which the da Vinci system was used. Robotic surgery in these cases allowed improved
movement precision and improved visualization of the surgical site when compared to
standard surgery utilizing an operating microscope or laryngoscope.

4.3.2 Image Guidance in Neurosurgery

Neurosurgery presents a number of unique challenges due to the enclosed nature of the
brain within the skull and the importance of the tissue between the access point and the
target, as well as the fragility of this same tissue; subsequently, the accurate localization of
tools and anatomy within the skull is both extremely difficult and of vital importance [97].
These factors led to the development of the stereotactic frame, the spiritual predecessor
to intraoperative navigation (see Figure 4.10). Stereotactic frames are inherently invasive
devices, and while they allow the achievement of relatively high levels of accuracy, this
invasiveness and the additional time required for anesthetization and fixation, as well as
their relative limitations in terms of tool guidance, whereby only linear trajectories are
possible, led to the development of less invasive, more universal devices and methods.
Stereotactic frames also have the disadvantage of requiring manual adjustment and align-
ment; this process can be time consuming and prone to human error.

Computer assistance and robotic support has been used to assist neurosurgeons almost
since the inception of the technology. Early work includes that by Kwoh et al. [2], repre-
senting the earliest integration of robotics within the operating room, (a Unimation Puma
200 industrial robot was utilized as a drill guide replacing the stereotactic frame) and
Galloway et al. [97], whereby the surgeon was able to orient themselves accurately within
the skull through the use of a custom articulated arm. Both of these examples utilize the
basic required image-guidance work flow and principles of imaging, planning, registra-
tion, tracking, and guidance that more recent examples rely on. The technology is now
well established and a vast body of literature exists on its use within specific situations, for
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FIGURE 4.10
Left to right: The stereotactic frame and a modern frameless stereotactic navigation system from Brainlab, with
optical tracking [31].

example, within the context of deep-brain stimulation, or more generally within neurosur-
gery [98].

Image guidance can support the surgeon in aligning drills or other cutting tools in order
to gain access to the brain through the skull, as in the case of a craniotomy; the definition and
achievement of a suitable and safe craniotomy location is of vital importance such that critical
functional areas of the brain are avoided. Once access to the brain has been achieved, image
guidance can further help the surgeon to orient themselves within the skull. The accuracy of
the image guidance in this case is compromised by the shifting of the brain once the skull
has been opened, due to changes in intracranial pressure, and by manipulation of the organ
[99]. The location of identifiable points on the cortex may shift by as much as 24 mm when
compared to their preoperative locations [100]. A variety of methods have been utilized to
compensate for this movement [101-102], but accuracy can be guaranteed only through the
use of intraoperative imaging [103]. Specialized intraoperative MRI machines can be utilized
for this task [104], as can ultrasound, which may be combined with preoperative MRI [105].

The placement of electrodes into the deep-lying structures of the brain allows the treat-
ment of debilitating neurological disorders such as Parkinson’s disease [106] or epilepsy
[107]. Accurate targeting of the desired location in these cases is vital in order to success-
fully treat the disease. Stereotactic frames [108] or frameless navigation techniques [109]
can be used. Brain shift is typically less of an issue in these procedures; however, move-
ment of tissue has been observed and quantified, as, for example, by Miyagi et al. [110].
As the exact areas to be target may not be visible on preoperative imaging data, recent
research has expanded to include the integration of data from previous interventions. A
map of previously successful stimulation locations (from previous patients) can be warped
to new imaging data, providing the surgical team with further information regarding the
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approximate location that should be targeted [111]. This integration of additional data may
signal a shift in the future toward “information-guided interventions,” as opposed to
purely image-guided ones. Robotic systems such as the Neuromate have also been used
extensively for these types of procedures [44].

4.3.3 Image Guidance in Ophthalmic Surgery

Ophthalmic surgery has a long history and presents some of the most demanding con-
straints in terms of perception and dexterity, complicated by the deformable, fragile, and
constantly moving target structures within the eye. Ophthalmologists and ophthalmic
surgeons have a variety of technologies at their disposal which they can utilize in order to
perform procedures at the micrometer level. Ophthalmic specific imaging modalities such
as slit lamps, stereophotography, or confocal scanning laser ophthalmoscopy, are available
and used extensively. These are often combined with standard medical imaging modali-
ties such as MRI or CT. Modified versions of standard imaging modalities, particularly
ultrasound (B-mode and A-mode ultrasound and ultrasound biomicroscopy), are also
used [112]. Optical coherence tomography is utilized extensively for noninvasive imag-
ing, particularly of the retina. A variety of ophthalmic procedures utilize image guidance;
examples include laser or traditional cataract surgery, laser treatment of retinal patholo-
gies [113], orbital surgery [114], and the treatment of intraocular tumors through the use of
external beam radiotherapy [115].

The use of robotics within the context of ophthalmic surgery is not widespread; how-
ever, great possibilities exist and a great deal of research is underway. Early work included
the development of a novel six-degree-of-freedom manipulator for the precise placement
of needles in the retina [116] and a master—slave manipulator including force feedback,
which could also be used as a surgical simulator [117]. An overview of other work was
covered in two 2010 reviews of the subject by Jeganathan et al. [118] and Fine et al. [119].
Examples include the steady-hand robot [120], which aims to reduce the natural tremor
of a surgeon’s hands, improving fine motor control during delicate ophthalmic (or other
microsurgical) procedures. Similarly, work at Carnegie Melon University has included the
development of a handheld device for the cancellation of hand tremor [121]. The da Vinci
system has also been utilized within an ophthalmic context in order to repair corneal lac-
erations [122], while at the opposite end of the size spectrum, miniature microrobots were
proposed for drug delivery within the retina [123]. These microrobots are steered through
the use of external magnetic fields, with a robotic system known as the OctoMag, used to
generate complex magnetic field patterns, allowing the miniature device to move through
five degrees of freedom [59].

4.3.4 Image Guidance in Other Surgeries

The above represent some of the major microsurgical fields in which image guidance is
commonly, or routinely, used. These are not the only examples, however. As the technol-
ogy improves, the opportunity exists for more and more surgical procedures to become a
form of “microsurgery,” relying on actions performed at the micrometer level.

Within the context of craniomaxillo facial surgery, the use of surgical planning
for procedures is well established, allowing the surgeon to plan the cuts required
in advance [124], select and shape implants and fixation plates, and predict the final
outcome of the procedure, including aesthetic factors [125]. While these procedures
can be, and typically are, performed using traditional tools and techniques, recent
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developments include the use of high-power laser devices for high-accuracy cutting
of bone [126-127]. On the spine, the implantation of pedicle screws into the vertebrae
requires accuracies of better than 1 mm in order to safely avoid penetration of nearby
neural structures. Image guidance and robotics have been used extensively to assist
with this task. Examples include the SpineAssist [128] and Neuroglide [129] surgical
robots, as well as a variety of literature describing the use of standard navigation tech-
niques [130].

Except in the case of ophthalmology, the accuracy of microsurgical navigation as pre-
sented above is dependent on (and takes advantage of) the rigidity of bones; it is assumed
that all transformations are rigid and that structures do not deform. These constraints
hold (to different degrees) in the majority of cases that we have discussed, and this allows
high application accuracy to be achieved through the use of image-guided systems; the
systems can subsequently demonstrate some degree of usefulness in microsurgical situ-
ations. These assumptions cannot be made in cases where soft tissue is not constrained
by bone, that is, cases in which significant motion or deformation of the target organ
may occur. A subset of these issues was discussed in the context of neurosurgery, with
the shifting of the brain due to changes in pressure or handling; however, movements
or deformations can be significantly larger elsewhere in the body. The movement of the
soft-tissue structures of the abdomen due to breathing, body position, handling, or a vari-
ety of other factors complicates every stage of the image-guidance procedure. Imaging
artifacts due to breathing movements are common, planning is complicated as structures
may be difficult to segment or correctly identify, the registration process may be compro-
mised due to difficulties in identifying landmarks or surfaces, or the matching process
may fail due to deformation. Tracking of tools may be difficult; long tools may be required
to reach structures, affecting accuracy; targets may shift within the body; and tools, par-
ticularly needles, may bend. For these reasons, the application accuracy of image-guided
systems is typically significantly reduced in nonrigid environments, and navigation is
not as widely used within these fields. Despite these issues, however, significant progress
has been made.

4.4 Conclusions

This chapter has presented an overview of image guidance within the context of micro-
surgical procedures. While image guidance has existed for a number of years, significant
progress has been made since the introduction of CT and the stereotactic frame, particu-
larly through improvements in imaging technology and computing power. Microsurgical
procedures are performed at the limits of human dexterity and perception and rely on
assistive technologies such as the operating microscope. Image guidance may be consid-
ered as simply another tool available to the surgeon. The technology is now standard for
many microsurgical procedures, chiefly in the fields of neurosurgery and otolaryngol-
ogy. By combining medical imaging information with surgical experience and expertise,
the technology has the potential to make procedures less invasive and more precise, as
well as to allow entirely new procedures such as minimally invasive cochlear implanta-
tion. Future progress in the field relies on continuing partnerships between medical and
research or engineering experts to solve complex medical or surgical problems and ensure
improved outcomes for the patient.
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ABSTRACT Telenursing, that part of eHealth relating to nursing, is the use of infor-
mation and communication technology (ICT) to transmit data relevant to any aspect of
nursing activity, encompassing many activities, such as triage, teleconsultations, home
care, education, and research. After a definition and explanation of telenursing, a short
history of the field is given. The recent expansion of nursing responsibilities worldwide
has been accompanied by the steady growth of nurses” power to manage patients, exempli-
fied by the nurse practitioner, and all this is shown to be strongly supported by telenurs-
ing. It is cost effective and its applications have rapidly increased in number and variety
over the last two decades, in parallel with the increasing power and decreasing price of
the necessary ICT equipment. An account of relevant ICT, examples of the wide range of
telenursing’s clinical activities, and its important role in education, especially in develop-
ing countries, are presented. Ethical considerations arising from telenursing are outlined.
It is concluded that use of telenursing has increased rapidly because it is a most powerful
and cost-effective modality, significantly improving the healthcare provided by the nurs-
ing professionals.

KEY WORDS: Telenursing, developed countries, developing countries, distance learning.

5.1 Introduction

Nursing is generally held to be a compassionate vocation and its members predominantly
care for the sick and disabled and nurture normal development in the young. But it is also
a profession that enthusiastically and efficiently embraces modern technology, as exempli-
fied by the explosive increase in telenursing activities worldwide in the last two decades.
In this way technological advances have allowed traditional nursing activities to be greatly
enhanced and extended. Florence Nightingale stated that “what nursing hastodo ..., is to
put the patient in the best condition for nature to act upon him” [1]. Today’s nurse can do so
much more than her 19th-century prototype, for technology, such as eHealth, extends the
range and depth of her professional activities to attain such a “best condition.” (Since the
great majority of nursing professionals are female, we use she and her to refer to a nursing
professional in this chapter.)

eHealth has many definitions and one of the most recent and comprehensive, provided
by the European Union in February 2014, is that

eHealth is a broad definition for a variety of technologies and services, from electronic
health records to telecare systems that enable patients to be treated remotely while stay-
ing in the comfort of their own homes. But while the implementation and application of
eHealth systems may vary, the overriding goal is fundamentally the same: using infor-
mation and communication technology (ICT) to provide better care more efficiently at
a lower cost [2].

Telenursing is the subset of eHealth (often exchangeable with telehealth) applied to nurs-
ing. It has existed for at least as long as the telephone, but in the last 20 years or so its
activity has greatly increased. Nursing’s emphases in developed and developing coun-
tries differ, so telenursing emphasis varies, too, between them, as elaborated below. The
broad range of services and technologies encompassed by telenursing includes remote
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consultations; surveillance of self-care by patients in their residence; transfer of relevant
data, such as that for patient consultation and research, statistical, or other purposes; and
provision of availability of electronic libraries and databases. It is particularly important
in developing countries, through facilitation of distance learning.

Nurses have a crucial role in healthcare, yet there is currently a great lack of nurses
and other healthcare workers. The World Health Organization (WHO) has recently noted
that “one third of the world’s population lacks access to healthcare because of gaps in the
health workforce ... and Burundi, for example, has a deficit of 33 health workers per 10,000
population, which leaves 95% of its population without access to healthcare” [3]. Since the
costs of training more nurses are a main drawback in the developing world, the savings
resulting from use of e-learning (distance learning using ICT) for nurses, and others, can
be an important tool for their education.

The WHO observes that worldwide the responsibilities of nurses have been increasing
steadily in the last few decades, as their range of activities has been broadening. This is
exemplified by the concept of nurse practitioners. They are described by the International
Council of Nurses as “registered nurses who have acquired the knowledge base, decision-
making skills, and clinical competencies for expanded practice beyond that of a regis-
tered nurse.” The term nurse practitioner was introduced into the United States in 1965, and
there, nurse practitioners are now a familiar part of the healthcare system, especially for
managing primary healthcare (PHC) problems. About 60% of Americans have used their
services, with an overwhelming number (82%) of their patients satisfied or highly satisfied
[4]. (In contrast there are few reports from developing countries of patients” opinions of
healthcare received from nurses.) As a typical example in Africa, and elsewhere, nurses
now frequently provide services for those infected by the human immunodeficiency virus
(HIV), which were previously exclusively administered by physicians [5]. Also in devel-
oping nations, PHC clinics directed by nurses, without doctors, have the greatest role in
provision of public healthcare, whether in urban or nonurban settings. As the spectrum
of nursing practice broadens, nursing education must also increase in breadth and depth.
Since distance learning is an efficient and cost-effective way of providing nursing edu-
cation, it has been greatly emphasized in developing countries to the extent that it has
been recently noted that “there are few sustained telemedicine services in Africa with the
exception of tele-education” [6]. This crucial role is treated more fully below.

Telephonic telenursing consultations often form an important part of nurse practition-
ers” activities. They should be structured to provide maximum benefit, by including the
following: after assessment of the caller, advice and referral should be supplied as required
(and this is often the core of the interaction); the caller should be always supported and
strengthened and in addition taught (as appropriate) with necessary facilitation of the call-
er’s prior learning [7]. Telenursing consultations can frequently substitute for on-site home
visits, [8] and estimation indicates 45% of them can thereby be obviated [9].

With the constant increase in availability, capacity, and speed of ICT, accompanied by its
steadily decreasing costs, the role of telenursing in all settings and its benefits have seen
an explosive increase during the last two decades. This is confirmed by the rise in number
of relevant publications (from the first, dated 1974, up to the time of writing, March 2014).
In the 20 years to 1993 there was an average of 0.7 publications per year on all aspects of
telenursing listed in the U.S. National Library of Medicine’s database. In the 5-year inter-
vals since 1993, the numbers of such publications have risen monotonically from 195 to 878,
hence, strongly indicating rapidly growing attention to telenursing and the steady widen-
ing of its applications. Incidentally, of this total of 2236 publications, only about 1% directly
concerned telenursing in developing countries and all of them were published since 2003.
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So it is clear that there has been a great increase in interest in telenursing in the last 20 or
so years, but most of this interest has been concentrated in developed countries. Therefore,
it is now appropriate to examine the place of telenursing in the activities of the nursing
profession, as exercised in all types of nation.

5.2 How Telenursing Came About

The telephone was very much used, soon after its introduction in the late 19th century, by
medical doctors, and it continues its pivotal role in all medical communications. Medical
radio communications began soon after the First World War and by 1930 they were avail-
able in some remote parts of Alaska and Australia [10]. In 1935 an Italian organization was
founded to provide free medical assistance to ships at sea, without any healthcare facilities
aboard, and this organization still flourishes [11]. But modern telemedical communica-
tions were introduced in the 1960s and 1970s as a result of the United States” military and
space programs [12]. Initial telemetering of physiological data from spacecraft and space
suits evolved into 15 active telemedical projects in 1975, which were supported by the U.S.
NASA [13]. From these beginnings telenursing has developed into many varied activities,
serving every type of community imaginable. Today some of its most important activities
include triage following a telephone call describing a health problem; case management
and home care for disability and chronic or incapacitating conditions; monitoring of the
early postsurgical course; wound care; and telemonitoring.

5.3 Nursing’s Applications of Information
and Communication Technology

5.3.1 Computerized Decision-Support Systems

A telenurse service, such as for triage or teleconsultation, depends on the knowledge and
experience of the telenurse, which can be enhanced by complementary use of a computer-
ized decision-support system, of which several are now available. Initially this software
was to aid triage, when acute conditions required assessment but its use has been extended
to other forms of teleconsultation [14]. The use of support systems is intended to improve
both the safety and the quality of the consultation, but the resulting patient care should
still be centered on the patient, even while being evidence based. So it is essential to ensure
a strong component of human contact. Some telenurses have reported such computerized
aids to their teleconsultations as providing inhibition as well as assistance to their work.
Yet overall there was strong preference for the computerized aid to be made available to
them [15].

5.3.2 Databases

A database devoted to nursing can provide varied and most useful applications. The
worldwide lack of nurses is associated with insufficient funds for adequate education and
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training of nurses and is compounded by the problem of nurse migration. However, appro-
priate use of a nursing database can permit a more effective dispersion of the remaining
nursing workforce. Such databases, according to the WHO, should contain comparable and
reliable statistics for all health workforce personnel and also details of relevant infrastruc-
ture, medications, accessibility of diagnostic procedures, acceptable measures to prevent
nosocomial infections, and, therefore, a comprehensive view of nursing service availability
and readiness [16]. In an attempt to understand and determine possible means of improv-
ing this comprehensive view, the African Health Regulatory Collaborative for Nurses
and Midwives, was set up in 2011, on the initiative of the Centers for Disease Control
and Prevention in the United States. It addresses mismatches between the knowledge and
competencies of nurses in over 35 sub-Saharan nations, keeping in mind the needs of the
populations they serve. A centralized and readily accessible database is an important part
of this project [17]. Rarely in developing nations have such national nursing databases
been set up, but there are examples from Africa. In Kenya the project started in 2002 [18]
and is still functioning strongly. It has impacted effectively on a range of improvements
in personnel management and workforce planning and policy [19]. In Uganda a similar
project was initiated in 2005 and it too has proved valuable in strategic healthcare plan-
ning [20]. It is well known that outcomes after trauma are in general significantly worse in
developing countries than in the well-resourced nations. There are many reasons for this
and to ameliorate the situation will require much funding (e.g., to improve staff knowledge
and numbers, medical facilities, transport, and other infrastructure). However, one rela-
tively simple and inexpensive aid is availability of an appropriate trauma database. In a
pilot survey project, conducted in Ethiopia, it was found that trauma mortality was higher
than predicted, so that the appropriate database would result in better prognosis, leading
to better understanding and care for trauma patients [21].

5.3.3 Telephony

Common applications of telenursing are triage and teleconsultations, most often using
a telephone. Videoconferencing is much less frequently available. For optimal ben-
efits to the caller, this requires appropriate training of the telenurses, who normally
receive postgraduate training. One of the earliest such courses of study was founded
in Queensland, Australia, in 2006. It has a preceptorship program run in conjunction
with other training and appropriately some of the instruction can be received using dis-
tance learning. Those who qualify can work as telenurses in a Queensland telenursing
service, which accepts phone calls 24/7. Assessment of the caller’s problem is aided by
a computerized clinical decision-support system. Action resulting from the phone call
ranges from providing self-care advice to requesting an ambulance service. This service,
called 13 HEALTH, offers more than triage. It can provide a variety of health and well-
being information, for example, which may be required during an epidemic of measles,
influenza, etc. This single point of contact is particularly useful for all types of health
assessment and information (V. Chalmers, private communication, 2014). A telenurs-
ing training program was set up at the Edith Cowan University, in Perth, Australia, in
2007, which resulted in the awarding of a postgraduate certificate. Those eligible for the
course required possession of a nursing degree and a 3 years’ full-time professional
nursing experience. All of the course materials were available online. However, it was
found that there was insufficient demand for such formal telenursing education and the
course was discontinued in 2012, after 12 nurses had completed these studies (B. Ewens,
private communication, 2014).
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5.3.4 Videoconferencing

Mainly because of cost, videoconferencing is much less used in telenursing than tele-
phony, but one enterprising application took place in the United Kingdom, as part of the
extensive National Health Service’s (NHS) telenursing service called NHS Direct. NHS
Direct was established in 2000, offering mainly telephonic interactions with patients. But
it will be superseded by a new service in 2014, called NHS 111 [22]. In Birmingham, United
Kingdom, the pilot telenursing videoconference service used an ordinary, domestic, digi-
tal television (TV) to provide a one-way videoconference link. The caller saw the nurse
and also could see diagrams and videos, if necessary, to provide information to help solve
the problem in hand. One surprising result was that such consultations were shorter on
average than consultations using a telephone. However, it never progressed beyond being
a pilot scheme [23].

5.3.5 mHealth

Mobile telephone usage throughout the world is now widespread. Currently in very many
developing countries, and especially Africa, telephone owners probably will possess only
mobile devices (and never own fixed line telephones). This results from a recent, very rapid
increase in inexpensive mobile telephone handset availability and the necessary infra-
structure. In many regions the world’s lowest socioeconomic levels coexist with satisfactory
mobile phone signals [24]. Healthcare using mobile ICT devices (called mHealth) is com-
monplace everywhere and in developed countries it is becoming ubiquitous, especially for
home care surveillance. In parallel, mHealth is also now increasingly used in developing
nations and, for example, in 2011 the first published report on mobile phone teledermatol-
ogy came from Egypt [25]. There are also mHealth trials underway in other disciplines.
mHealth cannot easily send highly detailed images, but it is appropriate for delivery of
reports, etc. mHealth applications often use the short message service. Particularly suc-
cessful mHealth applications include reminding patients to take chronic medication (e.g.,
for HIV infection or multidrug-resistant tuberculosis [TB] [26-27]) and to remember to
attend clinic (and other healthcare) appointments [28]. Similarly mHealth has been shown
to be effective for assessment of acute wound care need and may consequently reduce the
number of visits required to a hospital’s emergency department [29].

5.3.6 Telenursing Services

The telenurse’s function is well described as follows: “the primary responsibility of
telenurses is to assess callers’ symptoms and provide advice with the guiding principle that
the 