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Chapter 1

Introduction

1.1 Motivation

Throughout the history of surgery, technology has continually evolved to improve the
quality of care that physicians can offer their patients. In recent years, robotic systems
have been developed with the goal of reducing invasiveness and increasing accuracy by
providing surgeons with more capable instruments [1]. Flexible continuum robots show
particular promise, with their scalable designs, passive compliance, and ability to navigate
around anatomical obstacles [2]. Today, there are more commercially available surgical
systems deploying continuum robotic manipulators than ever before; but many technolo-
gies and designs are still working their way through the difficult gap between promising
research systems and widely used clinical tools. The aim of this dissertation is to help
bridge this gap, using design, calibration and control methods to enable more versatile,
cost-effective, and practical teleoperated continuum robot systems; the ultimate motivation
is to bring these systems to widespread adoption, so that physicians and their patients can

benefit from the range of useful features offered by continuum robots.

1.2 Robotics in the Operating Room

The development of industrial robots throughout the latter half of the twentieth century
revolutionized the manufacturing world, enabling many tasks to be done more quickly,
more accurately, more repeatably, and even more cost-effectively than ever before [3]. To-
day, we are in the middle of a similar “robotics revolution” in the field of medicine, as more
and more robotic surgical tools are being developed and adopted [1, 2]. These tools can
provide better dexterity than manual tools, yield greater targeting accuracy, and enable less

invasive approaches.



The use of robotics in the operating room began in the 1980s with the direct applica-
tion of existing industrial robot arms in surgery [3]. Some of the first tasks these robots
were investigated for included aiming instruments for improved positioning accuracy in
stereotactic neurosurgery [4] and autonomous robotic bone milling in total hip replacement
surgery [5]. Since these early days, many new robots have been designed with specific
clinical applications in mind, and a number of these technologies have earned regulatory

approval and been deployed to many operating rooms worldwide.

(2)

Figure 1.1: Commercially available robotic surgical systems based on rigid-link robot tech-
nology. (a) The TSolution One by THINK Surgical, Inc. (formally called “Robodoc”) helps
surgeons perform bone milling for orthopedic procedures. (b) The Neuromate System is a
stereotactic system for aiming instruments toward targets in the brain. (c) The da Vinci Sys-
tem by Intuitive Surgical is the most commercially successful teleoperated surgical robot,
providing physicians with more dexterous tools for laparascopic procedures.

The most commercially successful robot to date is the da Vinci system by Intuitive



Surgical, shown in Figure 1.1(c) [6]. The da Vinci system consists of multiple robotic
arms, each equipped with a wristed tool, which provides improved dexterity and articu-
lation abilities during laparoscopic surgery. Tools are directly controlled by the surgeon,
who interfaces with the robot through two controllers which provide him or her with direct
control of the tool tips (i.e. teleoperated). Rigid robots for neurosurgical targeting (e.g. the
Neuromate, Figure 1.1(b)) and bone milling (e.g. the TSolution One, Figure 1.1(a)) have
also seen their way to clinical adoption.

Although these rigid robots have proven highly useful in certain applications, they also
have limitations that prevent them from being adopted for other applications. Rigid robots
can be difficult to scale down to very small sizes, and can have limitations on their ability
to navigate around anatomical “corners”. For example, while a da Vinci tool is well-suited
to operating in a large open space, such as an insufflated abdomen, it is not well-suited to
operating in a narrow space such as the nasal passages due to its size, and it cannot curve

and flex to perform endoluminal tasks such as colonoscopy or bronchoscopy.

1.3 Surgical Continuum Robots

In response to some of the limitations of rigid surgical robots, considerable interest in
flexible, “continuum” robots has developed over the years. A continuum robot is a robot
composed of elastic material, which can take on curved shapes as it is actuated (see [7, 8, 2]
for reviews of the subject). Continuum robots provide a number of unique capabilities not
offered by traditional rigid-link robots which can be highly useful in a surgical setting. They
can steer through tortuous pathways or navigate around obstacles in the anatomy, their pas-
sive compliance can make them safer for interacting with delicate anatomical structures,
and they can often be scaled down to very small sizes. In fact, for these reasons, manu-
ally actuated continuum devices have been in use in medicine for many years, in the form
of flexible endoscopes and steerable catheters. When combined with robotics, these flex-

ible tools can become more intuitively and accurately controlled, offer more degrees of



freedom, and provide a number of other benefits.
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Figure 1.2: Examples of commercially available surgical systems with tendon-actuated
continuum devices. (a) The Monarch System by Auris provides navigation through the
lung. (b) The MedRobotics Flex system is used for transoral throat procedures. (c) The
Hansen robotic catheter system provides assistance during cardiac procedures.

A wide variety of continuum robot designs have been developed over the years. The
most analogous to conventional steerable endoscopes and catheters is the tendon-actuated
continuum robot, which consists of a flexible “backbone” with pull-wires attached to its tip.
Typically, the spacing of these wires within the cross-section of the device is maintained
via a structure such as a system of support discs. The wires can then be pulled to generate
a moment on the tip of the backbone element which causes it to bend into a curved shape.

In research labs, tendon-actuated robots have been proposed for endovascular procedures
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[9], hip revision surgery [10, 11], colonoscopy [12], and more. A number of commer-
cially available surgical systems also feature tendon-actuated continuum robots, such as
the Monarch bronchoscopy system by Auris [13] (Figure 1.2(a)), the MedRobotics Flex
system for throat surgery [14] (Figure 1.2(b)), the Hansen Sensei and Magellan robotic
catheter systems [15] (Figure 1.2(c)), and the Ion bronchoscopy system by Intuitive Surgi-
cal [16].

The popularity of tendon-actuated designs led to the development of the “multi-backbone”
continuum robot design [17, 18], in which the pull wires are replaced with elastic rods that
allow for both pushing and pulling, increasing the stiffness of the device and creating ac-
tuation redundancy. These robots have been developed for clinical applications such as

laryngeal surgery [19] and bladder surgery [20].

Figure 1.3: Soft continuum robots. (a) This soft tendon-actuated continuum robot described
in [21] is inspired by an octopus arm. (b) The OctArm is a soft continuum arm actuated
by pneumatic McKibben muscle actuators and developed largely for search and rescue ap-
plications [22]. (c) The HydrolJet is a recently described soft continuum robotic endoscope
actuated by waterjets spraying radially from the tip of the device [23].

For applications in which very low stiffness is required, a subclass of continuum robots

known as soft continuum manipulators has emerged. There is no widely agreed upon stift-
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