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Summary

Continuum manipulators have revolutionized the field of minimally inva-
sive surgery (MIS) in the past few decades. Major advances in fiber optics,
imaging technologies, teleoperation, and haptics have accelerated the de-
velopment of robot-assisted surgeries. The continuum manipulators used
in robot-assisted surgery are equipped with laparoscopic tools as end effec-
tors to augment the hand movements of the surgeon with precision. With
robot assistance, surgeons can perform complex procedures inside the hu-
man body with high dexterity. However, the continuum robotics research
community has challenged the lack of intuitive and effective operation of
the surgical tools. Much uncertainty still exists about the tool-tissue inter-
actions which have associated risks of tissue damage caused by unreliable
control and articulation of the tool. This problem is further exacerbated by
the limited visualization resolution of internal organs of the human body for
safe operation. There is a pressing need to develop continuum manipula-
tors with improved maneuverability and control to reach difficult-to-access
surgical sites accurately.

The aforementioned challenges of MIS play a critical role in the design
and development of surgical continuum manipulators. The concept of com-
pliant mechanisms (CMs) has been central to the design of various surgical
devices. CMs are flexible mechanisms that use elastic deformation to trans-
fer or transform force, motion, or energy. Devices made of CMs are gener-
ally monolithic in nature which leads to simplified fabrication, no wear, no
friction, therefore, beneficial in high precision applications. CMs and their
sub-components are increasingly used to enhance the range of motion and
articulation of surgical continuum manipulators. Recently, magnetic actu-
ation has emerged as a powerful means to execute several surgical functions
such as instrument positioning, navigation, grasping, resection, and retrac-
tion. Magnetic actuation coupled with CMs has considerable impact in the
design of miniaturized manipulators that eliminates the need for any ca-
bles tethered for control. Furthermore, accurate modeling of the continuum
manipulators and integration of embedded sensing have been effective in
the localization of manipulators. Real-time three-dimensional (3D) shape
sensing of manipulators in tandem with medical imaging modalities aids in

iii
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the safe control of the manipulators.

Another significant area of research for surgical continuum manipula-
tors is stiffness controllability. Evidence suggests that variable stiffness
mechanisms can be leveraged to achieve specific functions like grasping,
exerting forces, and locomotion. Continuum manipulators designed using
variable stiffness mechanisms make the best use of flexibility and rigidity
when it comes to surgical applications. While softness promotes high flexi-
bility, rigidity is important for precision and load bearing. These attributes
promote soft yet stable interactions of the manipulator with the tissue.

The main objective of this doctoral research is the development of
magnetically-actuated multi-functional surgical continuum manipulators
with embedded sensing. The manipulators are designed to address the
following key challenges: (1) Design and fabrication of miniaturized flexi-
ble manipulators with a working channel, (2) accurate modeling and shape
sensing of continuum manipulators, (3) actuation and control strategies to
enhance the maneuverability and manipulation capabilities. The overall
structure of this dissertation takes the form of three parts and includes
seven chapters. Chapter 1 begins by introducing the field of MIS, the
use of continuum manipulators for surgical interventions and discusses the
challenges in the surgical applications. It then proceeds to describe the
research objectives and the list of publications resulting from this research.

Part I of this dissertation is a rigorous investigation on CMs for surgi-
cal applications. Chapter 2 is a survey reviewing the surgical devices that
use CMs for broadly five functions: (i) Grasping and cutting, (ii) reacha-
bility and steerability, (iii) transmission, (iv) sensing, and (v) implants and
deployable devices. The design of CMs are assessed focusing on five key
aspects: (i) Conceptual design and synthesis, (ii) analysis, (iii) materials,
(iv) manufacturing, and (v) actuation. Chapter 3 presents a new design
of a flexure-based compliant continuum manipulator which is magnetically-
actuated. The design is based on the idea of mechanical motion constraints
to limit the stresses in the flexures. The steerability of the manipulator is
demonstrated using a 2D Helmholtz coil magnetic actuation setup in a
gelatin phantom under the guidance of ultrasound imaging. Chapter 4
follows on to study the motion characteristics of the spatial bending of the
manipulator using a 3D magnetic actuation setup (PaCMag). An intra-
operative shape sensing method combining a quasi-static model based on
rigid-link modeling and fiber Bragg grating (FBG) sensors is proposed. A
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closed-loop control strategy to trace different trajectories with the tip of
the manipulator is demonstrated. Clinical feasibility of the manipulator
as a steerable catheter is shown in phantoms of a bifurcating artery and a
heart with the guidance of a miniature camera.

Part II explores the concept of variable stiffness mechanisms for sur-
gical applications focusing on grasping and shape locking. Chapter 5
presents a magnetically-actuated variable stiffness robot (VSR). It is made
of a soft magnetic elastomer with a sliding nitinol backbone. The syn-
chronised retraction of the backbone with magnetic actuation leads to high
deformation coiling action of the VSR. The grasping of objects of varying
diameters in closed-loop using visual feedback is demonstrated. Chapter 6
presents a novel design of a magnetically-actuated variable stiffness manip-
ulator (VSM) based on shape memory polymers (SMPs). The VSM is
composed of two nested concentric silicone tubes enclosed within two SMP
springs, and a permanent magnet at its tip. The VSM exhibits variable
stiffness and variable bending curvatures at variable working lengths. Po-
tential applications of the VSM capable of shape locking are demonstrated
in endoscopy, biopsy and laser surgery using robotic magnetic actuation.

Part III concludes the dissertation by discussing the results of the five
studies (Chapters 2-6) conducted in this research. Chapter 7 begins
by laying out the conclusions focusing on three key themes: 1) Design and
fabrication, 2) modeling and sensing, 3) actuation and control. It concludes
by providing directions on future research and an outlook. While the scope
of this doctoral research was limited to laboratory experiments, it paves the
way towards the design of the next generation of surgical continuum manip-
ulators with embedded sensing and stiffening to strengthen the competence
of the state of the art surgical interventions.
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Introduction

Technological advances in minimally invasive surgery (MIS) have paved the
way for widespread use of continuum manipulators in robot-assisted surgi-
cal interventions. MIS comprises a set of surgical procedures that requires
only small cuts to be made on the human body and slender instruments
are inserted to perform the surgery. Natural orifice transluminal endoscopic
surgery (NOTES) is a surgical technique in which abdominal operations are
performed by inserting an endoscope through a natural orifice (oral, rectal,
vaginal, vesical), thus leaving no scar. Surgical procedures have evolved
over the years to work in tandem with continuum manipulators due to
their inherent compliance, high dexterity and precision in carrying out the
surgery. The goal of this doctoral research is to develop continuum manip-
ulators which are controlled using magnetic fields for surgical applications.
Compliant mechanisms and variable stiffness mechanisms are explored to
design these manipulators to facilitate insertion, navigation, and perform
different surgical tasks. Furthermore, closed-loop control strategies with
the integration of optical sensors are investigated for improved localization
and precision in steering and manipulation. This chapter begins with a
brief history of MIS, followed by the introduction of continuum manipu-
lators for MIS and the associated challenges. Thereafter, it continues on
with the research objectives and concludes with the list of publications that
resulted as part of this doctoral study.

1
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1. Introduction

1.1 Evolution of Minimally Invasive Surgery

The origins of MIS can be traced back to as early as 5000 years ago in an-
cient civilizations of Egypt, Mesopotamia, Greece and Rome [1]. Around
3000 BC, the Sumerians devised small copper knives to perform surgery,
and are known to have even developed soft malleable catheters using gold.
Around 600 BC, Sushruta who was an ancient Indian surgeon classified
several types of surgical instruments including the early endoscopes used
for inspecting ear, nose, and mouth [2]. He also detailed different sizes of
rectal specula having two apertures which were used for inspection, cautery
and treatment of haemorrhoids (Fig. 1.1). Hippocrates, an ancient Greek
physician of circa 460 BC, now credited with the historic Hippocratic Oath,
reported the use of a variety of surgical instruments and catheters [3].
Around 1000 AD, Albucasis, who was an Arab surgeon, wrote a thirty-
volume medical encyclopedia describing over 200 surgical instruments in-
cluding different kinds of probes, surgical knives, scalpels, and hooks (Fig.
1.1) [4].

The different approaches for MIS to access and inspect the internal
body organs were investigated extensively in the first two millennia AD.
It was not until 1806 that Phillipp Bozzini of Germany invented the origi-
nal endoscope with lighting for urological views, made from a vase-shaped
leather-lined box that held a candle [6]. In the following decades, differ-
ent forms of illumination using alcohol-turpentine flame and paraffin lamp
were investigated to extend the usage of the endoscopes to examine audi-
tory canal, pharynx, and larynx. The rigid scopes posed challenges as their
use steered towards gastrointestinal tract, raising the need for designing
flexible scopes with illumination [7]. The advent of the fiber optic tech-
nology in the 1950s made it possible to transmit light through thin, long
strands of flexible glass fibers. With glass-encased fiberscope as a success-
ful visualizing technology, colonoscopy was officially recognized in 1967 [8].
Technological innovations progressed the development of more laparoscopic
tools like uterine manipulator, knot-tying instruments for performing tubal
ligation and appendectomy in the late 1970s [9]. The first high-resolution
video camera for laparoscopy was developed in 1982 enabling the projection
of magnified images of the surgical site on a monitor. There was a steady
rise in designing innovative surgical tools like endoloops, harmonic scalpel,
and ultrasound shears [10].

2
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1. Introduction

Figure 1.2: The da Vinci Robotic Surgical System, adapted from [11].

MIS became the preferred choice over open surgery with the explosion
of novel laparoscopic techniques as it involves small incisions to be made on
patients resulting in faster recovery and shorter hospital stays. However,
concerns remained about the limited dexterity in articulation of laparo-
scopic instruments and the lack of tactile feedback, opening the avenue
for robotic surgeries [3]. In 1985, the first known surgical robot, PUMA
360 was used to perform neurosurgical biopsies accurately. Subsequently
in 1988, PROBOT was developed for the transurethral resection of the
prostate. In 1992, ROBODOC became the first active robotic system ap-
proved by the federal Food and Drug Administration (FDA) for hip replace-
ment surgery. By the late 1990s, the da Vinci Surgical System, and the

4
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1.2 Continuum Manipulators for Surgical Interventions

Automated Endoscopic System for Optimal Positioning (AESOP) which
was later relaunched as the ZEUS operating system were developed. These
systems enabled surgeons to precisely control various surgical instruments
using voice commands, and robotic arms that mimic the hand movements
of the surgeon who is situated in a distant console from the patient and
equipped with a 3D laparoscopic view (Fig. 1.2) [12]. The modern era
of MIS has embraced robot-assisted surgeries with proven competence in
supplementing the surgeon’s skills.

1.2 Continuum Manipulators for Surgical Inter-
ventions

Continuum manipulators are used in robot-assisted surgical interventions to
maneuver in tortuous pathways of human vasculature, manipulate instru-
ments, and perform surgical functions with high dexterity. A continuum
manipulator is a long, tubular robotic device that can change its shape sim-
ilar to an elephant’s trunk or an octopus’s tentacles. Such manipulators are
increasingly being used for diverse surgical applications including but not
limited to laparoscopy, ablation, otolaryngology surgery, cardiac surgery,
and urologic surgery as shown in Fig. 1.3 [13].

Continuum manipulators can be classified based on their actuation
method into three groups: extrinsic, intrinsic, and hybrid [24]. The actua-
tion takes place outside the structure of the manipulator through mechani-
cal linkage in extrinsic actuation, whereas, the actuation occurs within the
main structure of the manipulator in intrinsic actuation. Hybrid actuation
uses a combination of both extrinsic and intrinsic actuations. Extrinsic
actuation methods include cable-driven actuation, multi-backbone struc-
tures and concentric-tube transmission. Extrinsically-actuated manipula-
tors can often be miniaturized because of the remotely located actuators.
Intrinsic actuation methods include pneumatic and hydraulic actuation,
and smart materials. Pneumatic/hydraulic actuated manipulators tend to
be lightweight and have fast reaction speed. Smart materials used in actu-
ation include shape memory alloy (SMA), shape memory polymer (SMP),
and electro active polymer (EAP). They are lightweight, have high energy
density, and operate without noise [25].

Variable stiffness manipulators are an emerging class of continuum ma-
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1.2 Continuum Manipulators for Surgical Interventions

nipulators with tunable stiffness properties, embodying the characteristics
of both soft and rigid body elements [26]. Although rigidity is crucial
for high motion accuracy and exerting high forces, softness is advanta-
geous because it imparts high flexibility. Variable stiffness methods for
continuum manipulators can be classified into three categories: mechanism-
based, materials-based and acoustic-based [27]. Mechanism-based methods
include antagonistic actuation, drive-rod-locking mechanism, central-cable-
tensioning mechanism, and layer/granular jamming [28], [29]. Materials-
based methods use materials like electro-rheological fluid (ERF), magneto-
rheological fluid (MRF), low melting point alloy (LMPA), SMP, and EAP,
which exhibit variable stiffness when triggered by an external stimulus [30]–
[33]. Acoustic-based method is a new potential way to alter stiffness using
acoustic waves that change particle arrangement [34]. There is an ongoing
investigation on novel stiffness modulation methods for surgical applica-
tions requiring soft interactions in unstructured environments and steady
movement [35].

In recent years, there has been an increasing interest in the use of mag-
netic actuation for endovascular interventions [36]. Continuum manipu-
lators embedded with permanent magnets and/or magnetic particles dis-
persed in a soft polymer matrix can be actuated using external magnetic
fields [37]. Magnetic actuation facilitates development of miniaturized ma-
nipulators that result in a wireless system for control. For example, a 4 mm
flexible catheter (NaviStar-RMT, Biosense Webster, Inc., California, USA)
integrated with small permanent magnets was developed for cardiovascular
interventions [38]. Commercial systems based on remote magnetic naviga-
tion like the Niobe magnetic navigation system (Stereotaxis, Inc., Missouri,
USA) are available to control such magnetic catheters for ablation proce-
dures (Fig. 1.4) [39]. In other work, a submillimeter-scale ferromagnetic
soft continuum robot with a hydrogel skin grown on its surface was pro-
posed for steering and navigation in narrow and complex human vasculature
[40]. There is a growing trend towards designing advanced magnetically-
actuated continuum manipulators which are modular and multi-functional
to cater to various surgical applications.
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1. Introduction

Figure 1.4: Commercially available magnetic actuation systems: (a) Stereo-
taxis Niobe Robotic Magnetic Navigation System [41] (b) Aeon Phocus, in-
terventional robotic system [42] (c) Catheter Guidance Control and Imaging
(CGCI) system [43]

1.3 Challenges in Surgical Applications

Despite the advantages of continuum manipulators for surgical applications,
there is still some uncertainty in bringing them closer to clinical practice.
Extrinsically actuated continuum manipulators having cables or pre-curved
tubes for navigation to the surgical site suffer from friction, hysteresis and
require bulky actuation units. Compliant continuum manipulators with
notched-tube designs made of different shapes and patterns of notches that
offer flexibility have been investigated [44]. Such manipulators enhance the

8

1



i
i

“output” — 2023/3/13 — 10:57 — page 9 — #25 i
i

i
i

i
i

1.3 Challenges in Surgical Applications

steerability and range of reach of the surgical tools [45], [46]. However,
they are prone to mechanical failure due to stress concentrations and fa-
tigue. To date, only a few studies have examined the virtues of variable
stiffness manipulators which exhibit both rigid and soft behaviour [47]. The
mechanisms that underpin the stiffness characterization of such manipula-
tors to achieve specific surgical tasks like grasping and navigation are not
fully understood.

The growing body of literature on continuum designs has investigated
the accurate modeling and control of the continuum manipulators [48].
Constant curvature approximation is a classical modeling approach which
has limitations when the actual deflection of the manipulator does not
comply with the circular arc approximation [49]. Cosserat-rod theory is
a geometrically-exact model commonly used for soft manipulators. This
model can become computationally expensive when closed-form solutions
are necessary [50]. Rigid-link model is a simplified approach based on well-
established kinematic and dynamic models which can be efficiently adopted
for control and sensing purposes [51]. However, it becomes difficult to
determine the exact location and stiffness approximation of the joints of a
continuum structure.

Closed-loop control strategies are necessary for safe means of operation
of manipulators to negate the inaccuracies in modelling. Sensory feedback
can provide measurement of the internal state of the manipulator as well
as the external disturbances [52]. However, this poses challenges in sensor
integration, especially for surgical applications owing to the decreased size
of the manipulator, and compatibility with the human anatomy and imag-
ing modalities [53]. The most widely used clinical imaging modalities are
computed tomography (CT), magnetic resonance imaging (MRI), and ul-
trasound (US) imaging. Although these techniques are reasonably accurate
in imaging the inside of the human body, there are some limitations. CT
uses a series of X-rays which can be harmful with excess exposure. MRI
uses very strong magnetic fields and makes noise. It requires the patient
to stay still for a prolonged period of time which can be uncomfortable.
It is difficult to acquire real-time image sequence from both CT and MRI.
US imaging is portable in design, uses high-frequency sound waves, and
does not use radiation. But it has limited spatial imaging resolution and is
susceptible to imaging artefacts.

There is a growing trend towards investigating real-time 3D shape
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1.4 Research Objectives

sensing technologies for surgical manipulators which are based on: fiber-
optic-sensor, electromagnetic-tracking, and intraoperative imaging modal-
ity shape reconstruction methods (Fig. 1.5) [57]. Shape sensing using fiber
Bragg gratings (FBG) sensors has great potential, as the sensors are very
flexible, easy to integrate with the manipulator and are known to be bio-
compatible [58]. However, the careful placement and distribution of the
fragile sensors along the length of the manipulator is essential to minimize
error accumulation in strain measurements. In the case of electromagnetic-
tracking, the accuracy is affected by the presence of ferromagnetic and con-
ductive metal components like electric motors and magnets in its vicinity
[59]. There has been extensive research on fusion of intraoperative imaging
modalities like fluoroscopy and US imaging with kinematic models of the
manipulators to improve the accuracy of shape tracking [56], [60]. Thus,
there is an ongoing quest for an accurate real-time shape sensing technique
that can be seamlessly integrated in the design of surgical manipulators
and is suitable with the surgical workflow.

1.4 Research Objectives

The challenges in MIS have been the primary driving factor in the develop-
ment of the continuum manipulators presented in this work. The following
research questions (RQs) are identified in the areas of design, sensing and
control of surgical continuum manipulators.

RQ.1

How are compliant mechanisms used in the design of surgical devices
to achieve various functions like grasping and enhancing range of
motion?

Compliant mechanisms (CMs) can be found all around us in paper clips,
bottle lids, and mouse buttons. Over the years, the applications of CMs
have grown remarkably in a variety of fields such as aerospace, transporta-
tion, microelectromechanical systems (MEMS), robotics, and medical de-
vices [61]. CMs tend to be monolithic or jointless structures leading to easy
fabrication without any assembly. CMs are mechanically efficient without
incurring any losses due to wear, friction or backlash and can be used to
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1. Introduction

attain high precision. The multitude of advantages of CMs can be capital-
ized to perform surgical tasks like grasping and cutting. Literature search
revealed several studies which use CMs for surgical applications ranging
from laparoscopy to robot-assisted surgeries. Surprisingly, there is a lack of
a detailed account of CM design approach that can be categorically applied
by researchers with little to no experience in the MIS field. The aim is to
contribute to this growing area of research by reviewing all the applications
of CMs in surgical interventions and providing a comprehensive analysis of
the different design aspects.

RQ.2

Can a miniaturized monolithic continuum manipulator which is mag-
netically actuated, be designed for precise motion in surgical appli-
cations?

Compliant continuum manipulators can be classified based on their ba-
sic transmission units into several types such as concentric tube manipu-
lators, origami-based manipulators, and compliant joint manipulators [62].
A wide range of compliant joints like blade flexures, contact-aided joints
and rolling contact joint have been used in the design of the compliant
manipulators to enhance steerability and range of motion [63]. Compliant
joints can increase precision in motion due to the absence of relative mo-
tion and can be easily miniaturized by using external means of actuation.
However, such joints are impaired by stress concentrations due to geometric
irregularities, fatigue, and buckling. These challenges have been addressed
in previous work by making geometric changes like rounding corners and
gradually increasing the depth of cut from proximal to distal end of the
manipulator [44]. This thesis examines the way in which a miniaturized
manipulator composed of compliant joints can be designed with mechanical
constraints to limit the stresses. It determines whether such a compliant
design of manipulator can be precisely controlled and maneuvered using
external magnetic fields.
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RQ.3

Can the compliant design of continuum manipulators complement
fiber optic sensing modalities in improving the localization of surgical
continuum manipulators?

Real-time 3D shape sensing is a major research challenge within the
field of continuum manipulators for MIS [13]. Of particular concern is
the difficulty in incorporating shape sensors in the small size of the surgi-
cal manipulators. FBG sensing is one of the more feasible ways of shape
sensing among other methods like electromagnetic-tracking, as FBG sen-
sors are very thin, flexible, and compatible with magnetic actuation. But
they are prone to errors caused by the positioning, orientation, and distri-
bution of the sensors on the manipulator. While seeking the advantages
of a compliant design of surgical manipulators for steering, the extent to
which kinematic modeling can boost the shape sensing of such a manipu-
lator integrated with FBG sensors is investigated. An attempt to develop
a shape sensing methodology for surgical manipulators that works concur-
rently with existing intraoperative imaging is made to enhance the steering
accuracy of the targeted surgical intervention [57].

RQ.4

Can variable stiffness mechanisms be used in the design of surgical
continuum manipulators to perform functions of grasping and surgi-
cal tool insertion?

Soft continuum manipulators can adapt, operate safely in complex en-
vironment and less likely to cause damage [64]. However, existing soft
manipulators are not adequately capable of tasks requiring high load ca-
pacity and precision. Recently, variable stiffness mechanisms for manip-
ulators have piqued the attention of researchers in this regard. Previous
research has suggested granular/particle jamming methods, electrostatic
and pneumatic forces for tuning the stiffness. Lightweight actuator designs
in the form of snake-like manipulators and grippers are possible using layer
jamming mechanisms [65], [66]. An octopus arm-like manipulator based
on a pneumatic extending actuator connected by tendons was developed
which can squeeze through narrow openings in soft state and used for high
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1. Introduction

force applications in rigid state [67]. LMPA and SMP which exhibit vari-
able stiffness with temperature change have been used in the design of
variable stiffness catheters [68], [69]. The high temperature requirements
and slow response time of these phase-change materials limit their clinical
feasibility. This dissertation seeks to examine the emerging role of vari-
able stiffness manipulators in the context of performing surgical tasks like
grasping and surgical tool insertion with a focus on mechanism-based and
materials-based stiffening.

1.5 Thesis Outline

This doctoral thesis is organized into three parts with seven chapters to
address the aforementioned research questions. The five chapters in Part I
and Part II form part of the research studies either published or under
review in international peer-reviewed journals.

Part I makes major contributions to the research on compliant mech-
anisms. Chapter 2 addresses RQ. 1 and is the first study to undertake
an in-depth analysis of CMs for surgical interventions in the form of a sur-
vey. It provides a comprehensive assessment of design methodologies, ma-
terial selection and failure prevention, fabrication and actuation methods.
The surgical applications of CMs are reviewed in an interpretative manner
to provide new insights into the integration of CMs in the development
of surgical devices. Chapter 3 presents a novel miniaturized monolithic
compliant manipulator design combined with magnetic actuation. A dis-
tributed compliant design with built-in mechanical motion constraints that
can limit the stress is proposed. A proof-of-concept study attempts to an-
swer RQ. 2 and demonstrate the accurate maneuvering of the manipulator
as a steerable surgical manipulator by examining its motion characteristics
and guiding it in a gelatin phantom through water medium with US imag-
ing. Chapter 4 proposes an intraoperative localization alternative for the
compliant manipulator answeringRQ. 3, and analyses its efficacy in closed-
loop control path planning experiments. Furthermore, clinical feasibility of
the manipulator is shown in phantoms of a bifurcating artery and a heart
with integration of a miniature camera.

Part II illuminates the concept of variable stiffness mechanisms for
surgical applications focusing on RQ. 4. Chapter 5 introduces a vari-
able stiffness robot (VSR) made of soft magnetic elastomer with nitinol
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backbone for grasping purposes. Closed-loop control experiments are con-
ducted to demonstrate the high deformation coiling ability of the robot to
grasp objects of varying sizes. Chapter 6 presents a magnetically-actuated
variable stiffness manipulator (VSM) based on SMP springs. This study
describes the design and implementation of a deployable VSM with shape
locking ability that can facilitate the surgical tool insertion and manipula-
tion. Potential clinical applications in endoscopy, biopsy, and laser surgery
are demonstrated using robotic magnetic actuation. Throughout this the-
sis, the terms ‘VSR’ and ‘VSM’ refer to the manipulators developed in
Chapter 5 and Chapter 6, respectively.

Part III presents the main findings of the doctoral research, focusing on
the design, modeling, sensing and control themes of surgical manipulators.
Chapter 7 begins by reporting the important contributions and concludes
by offering valuable insights for future research.

1.6 Research Framework

All the research studies that constitute this doctoral thesis have been sup-
ported by the funds from the European Research Council (ERC) under
the European Union’s Horizon 2020 Research and Innovation Programme
(ERC Proof of Concept) under Grant #790088: Project INSPIRE, and the
Netherlands Organization for Scientific Research (Innovational Research
Incentives Scheme - VIDI: SAMURAI (Steering Actuated Probes under
Magnetic- and Ultrasound-Guidance for Targeted Interventions) project
#14855). All the studies presented in this thesis have been performed with
the experimental setups at the Surgical Robotics Laboratory (SRL), in
the Department of Biomechanical Engineering of the University of Twente,
Enschede, the Netherlands.

1.7 Scientific Output

The studies presented in this doctoral thesis have been a part of the fol-
lowing articles that have been published or under review in the following
international peer-reviewed journals:

1. T. L. Thomas, V. Kalpathy Venkiteswaran, G. K. Ananthasuresh,
and S. Misra, “A Monolithic Compliant Continuum Manipulator: A
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Proof-of-Concept Study,” Journal of Mechanisms and Robotics, vol.
12, pp. 061006, December 2020.

2. T. L. Thomas, V. Kalpathy Venkiteswaran, G. K. Ananthasuresh,
and S. Misra, “Surgical Applications of Compliant Mechanisms: A
Review,” Journal of Mechanisms and Robotics, vol. 13, pp. 020801,
April 2021.

3. T. L. Thomas, J. Sikorski, G. K. Ananthasuresh, V. Kalpathy
Venkiteswaran, and S. Misra, “Design, Sensing, and Control of a
Magnetic Compliant Continuum Manipulator,” IEEE Transactions
on Medical Robotics and Bionics, vol. 4, no. 4, pp. 910-921, Novem-
ber 2022.

4. P. Lloyd, T. L. Thomas, V. Kalpathy Venkiteswaran, G. Pittiglio,
J. H. Chandler, P. Valdastri and S. Misra, “A Magnetically-Actuated
Coiling Soft Robot with Variable Stiffness,” IEEE Robotics and Au-
tomation Letters, special issue on Small-Scale Robots in the Medical
Context, From Modeling and Fabrication to Clinical Applications, Oc-
tober 2022 (Under Review).

5. T. L. Thomas, J. Bos, J. J. Huaroto, V. Kalpathy Venkiteswaran,
and S. Misra, “A Magnetically-actuated Variable Stiffness Manipula-
tor based on Deployable Shape Memory Polymer Springs,” Advanced
Intelligent Systems, special issue of Soft Robotics Across Scales: Fun-
damentals and Applications, February 2023 (In Press).

The following abstract submission was presented at a national symposium:

• T. L. Thomas, V. Kalpathy Venkiteswaran, and S. Misra, “A mag-
netically controllable variable stiffness surgical manipulator based on
shape memory polymers,” in Proceedings of the Summer School and
Symposium on Soft Robotics in Healthcare, TU Delft, Netherlands,
September 2022.
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Preface

Compliant mechanisms (CMs) have become an integral part of a wide range
of technologies in the field of robotics, microelectromechanical systems
(MEMS) and biomedical devices, among others. CMs play an emerging
role in diverse applications due to their several advantages over traditional
rigid-body mechanisms. CMs reduce part count, streamline fabrication
process, increase precision by reducing or eliminating friction, backlash
and wear. However, CMs are affected by stress concentrations and fatigue.
Energy storage in the elastic members of CMs has a profound effect on the
input-output efficiency and mechanical advantage. This part of the disser-
tation seeks to expand our understanding of how CMs can be used to their
full potential in the context of surgical interventions.

Chapter 2 begins by systematically reviewing the literature on CMs
to examine the changing nature of CMs in a broad range of surgical de-
vices. The pivotal role of CMs in the state of the art is identified based
on their functions and classified into five major groups: (i) Grasping and
cutting, (ii) reachability and steerability, (iii) transmission, (iv) sensing,
and (v) implants and deployable devices. The challenges and future re-
search directions for integration of CMs in the development of safe and
dexterous surgical devices are discussed. Chapter 3 presents a new design
of a compliant continuum manipulator which is magnetically actuated for
precise motion. A flexure-based design with mechanical stops to limit the
stress concentrations is fabricated, and actuated using a 2D magnetic actu-
ation setup based on Helmholtz coils. The steerability of the manipulator
is demonstrated in a simulated arterial system and a gelatin phantom us-
ing ultrasound imaging. Chapter 4 investigates the spatial bending of the
manipulator and an intraoperative shape sensing scheme combining quasi-
static model with FBG sensor-based shape reconstruction. A closed-loop
control strategy to trace different trajectories with the manipulator in a
3D electromagnetic setup (PaCMag) is demonstrated. The maneuverabil-
ity of the manipulator is validated in phantoms of a bifurcating artery and
a heart using a miniature camera.
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2
Surgical Applications of Compliant Mech-

anisms: A Review

Note: The following chapter is adapted from the article “Surgical Ap-
plications of Compliant Mechanisms: A Review” by T. L. Thomas, V.
Kalpathy Venkiteswaran, G. K. Ananthasuresh, and S. Misra, published in
“Journal of Mechanisms and Robotics”, vol. 13, pp. 020801, April 2021.
The chapter has been reformatted in terms of figures and tables to fit this
doctoral thesis. No changes to the technical contents of this peer-reviewed
manuscript have been made.

Authors’ Contributions: S. Misra and T. L. Thomas conceived the
study. T. L. Thomas collected the papers, conducted the analysis and inter-
pretation, and prepared the manuscript. V. Kalpathy Venkiteswaran con-
tributed to the analysis and interpretation, and supervised the manuscript
preparation. G. K. Ananthasuresh verified the analysis and interpretation,
and supplemented the papers collected for review. S. Misra supervised the
overall manuscript preparation.

Abstract

Current surgical devices are mostly rigid and are made of stiff materials,
even though their predominant use is on soft and wet tissues. With the
emergence of compliant mechanisms (CMs), surgical tools can be designed
to be flexible and made using soft materials. CMs offer many advantages
like monolithic fabrication, high precision, no wear, no friction and no need
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for lubrication. It is therefore beneficial to consolidate the developments in
this field and point to challenges ahead. With this objective, in this chapter,
we review the application of CMs to surgical interventions. The scope of
the review covers five aspects that are important in the development of
surgical devices: (i) Conceptual design and synthesis, (ii) analysis, (iii)
materials, (iv) manufacturing, and (v) actuation. Furthermore, the surgical
applications of CMs are assessed by classification into five major groups,
namely, (i) Grasping and cutting, (ii) reachability and steerability, (iii)
transmission, (iv) sensing, (v) implants and deployable devices. The scope
and prospects of surgical devices using CMs are also discussed.

2.1 Introduction

Compliant mechanisms (CMs) are designed to achieve transfer or transfor-
mation of motion, force, or energy through elastic deformation of flexible
elements. Devices that implement CMs can be traced back to as early as
8000 BC in the form of bows, which were the primary hunting tools [70].
While reviewing the history of urethral catheterization, Bloom et al. [71]
noted that ancient Chinese medical texts used lacquer-coated compliant
tubular leaves of allium fistulosum (bunched onion) as catheters. They
also mention that Sushruta, the author of ancient Indian surgical text, de-
scribed tubes of gold and silver coated with ghee (clarified butter) used
for catheterization. Ancient Greek and Roman surgeons too are known to
have used flexible silver tubes in surgery. Over the years, CMs have seen
several applications in surgical procedures. Furthermore, the applications
of CMs have been extended to aerospace and automotive industries, micro-
electromechanical systems (MEMS), actuators and sensors, high precision
instruments, and robots [72], [73].

CMs have gained significant attention in the last few decades as they
offer many advantages over traditional rigid-body mechanisms. A CM has
monolithic structure, which reduces the number of assembly steps, thus
simplifying the fabrication process and requiring reduced maintenance [74].
High precision is attained and the need for lubrication is eliminated due
to absence of contact among members that causes wear, friction, backlash,
and noise [75].

The merits of CMs have led to a proliferation of studies that implement
CM, especially in the medical field [76]. Many variants of CMs have been
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designed as surgical devices to perform various functions. The structural
compliance integrated in the main body of a device is exploited to perform
object manipulation tasks such as grasping, cutting, retracting and sutur-
ing for surgical procedures in the form of ablation, laproscopy, endoscopy,
and biopsy, to mention a few. Additionally, easy miniaturization of CMs
enables the device to reach remote difficult-to-access surgical sites as seen
in the design of several continuum manipulators [13]. CMs also serve a
secondary function in the device to transmit force/motion, as observed in
some surgical robots [77], [78]. Applications of CMs are found in microac-
tuators, MEMS and micro-scale surgical devices as well [79]–[82]. Force
sensing using CMs to monitor tool-tissue interaction has also been demon-
strated, which serves as a feedback for safe operation of the device inside
the human body [83], [84]. The potential of CMs made using biocompati-
ble materials has been realized in the development of biomedical implants,
stents and deployable devices [85]–[87].

There is a growing body of literature that provides a useful account
of the design process of CMs [75], [88]. However, there is no detailed
investigation into the different aspects to be considered while designing
surgical devices using CMs. It poses a problem for those with little to no
experience in the medical field on what approach to follow, to go from initial
concept to final prototype. This chapter aims to provide an overview of this
process which involves five major aspects: (i) CM conceptual design and
synthesis, (ii) analysis, (iii) material selection, (iv) fabrication methods,
and (v) actuation methods. Furthermore, this chapter also reviews the
existing literature on surgical devices that use CMs by classification into five
major groups: (i) grasping and cutting, (ii) reachability and steerability,
(iii) transmission, (iv) sensing, (v) implants and deployable devices. We
conclude this chapter by addressing the associated challenges and provide
an outlook on future scope.

2.2 Design Aspects

This section presents the various methods used during the design process
of surgical devices that use CMs. The process begins with synthesis of
the CM, followed by optimization to satisfy the intended functional re-
quirements and constraints are identified. Various methods of generating
or synthesizing CMs have been explored by researchers. Howell [73] de-
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scribes four techniques used in the synthesis of CMs: Freedom and Con-
straint Topologies (FACT); Building Blocks; Topology Optimization; and
Rigid-Body-Replacement. Hegde and Ananthasuresh [89], [90] introduced
a Selection Maps method for conceptual design and synthesis of CMs. The
five aforementioned synthesis methods are explained briefly in Table 2.1.
However, many compliant surgical devices are designed without explicit use
of these conventional synthesis methods. This may be because the synthe-
sis methods developed for CMs mostly apply to input-output transmission
characteristics rather than guiding and maneuvering. The scope of the ex-
pected functions of surgical devices, described later in the chapter, offers
a huge opportunity for designers. Therefore, the synthesis methods and
subsequent classification of devices is not discussed in detail in this review.

During synthesis of CM, selection of suitable material is crucial to en-
sure failure prevention. It is generally desirable to have large deformation
of a CM, while ensuring the strain is small and the stress stays within lim-
its. This depends on the Young’s modulus and the failure strength of the
material. From a clinical standpoint, other criteria that need to be consid-
ered are the biocompatibility, chemical resistance, elasticity, transparency,
strength, temperature resistance, and most importantly, sterilizability of
the chosen material [91]. Table 2.2 describes the materials and different
fabrication methods that are suitable for making surgical devices. The
four commonly used 3D printing technologies for rapid prototyping com-
pliant surgical devices are also described in Table 2.2. While punching and
blanking technique is used in meso-scale compliant grippers, electrical dis-
charge machining (EDM) is most widely used for micro-scale fabrication of
flexure-based continuum manipulators and grippers. Pop-up book MEMS
fabrication is an emerging multi-material technique of fabricating MEMS
and micro-scale surgical devices. Milling and laser cutting are conven-
tional subtractive manufacturing methods used for surgical manipulators
and their constituent parts like wrist and end effector. Although injection
molding was not typically used in the making of surgical devices reviewed
in this chapter, it is an economical way of mass manufacturing implants
and medical plastics.

The method of actuation is an important aspect to be considered in the
design of a CM. Based on the specific function that the CM serves in the
design, various actuation methods have been demonstrated in literature.
Table 2.3 presents commonly-used actuation methods of CMs which are
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suited to surgical applications, along with their advantages and limitations.
Cable-driven actuation is the most widely used method among continuum
manipulators and steerable instruments. Shape memory alloys (SMAs)
and piezoelectric materials are seen more in high precision devices and for
micro/nano manipulation. While fluidic actuation is used in few flexible
surgical instruments, there is a gradual increase towards the use of magnetic
actuation in designing surgical devices for precise contactless control.

2.3 Surgical Applications

This section presents a review of the different surgical applications of CMs.
The applications of CMs in surgical devices can be broadly classified into
five major groups: (i) grasping and cutting, (ii) reachability and steerability,
(iii) transmission, (iv) sensing, and (v) implants and deployable devices.
Fig. 2.1 is an overview of this classification showing examples of surgical
devices designed for each of these groups of applications, while Fig. 2.2
depicts the distribution of the number of surgical devices in each group.
These are explored in detail in the remainder of this section.

2.3.1 Grasping and Cutting

CMs have been used to develop forceps, scissors, graspers, and needle hold-
ers for performing different surgical tasks such as grasping, cutting, sutur-
ing, and holding tissue. For instance, Frecker et al. [181], [188] designed a
multifunctional compliant instrument with forceps and scissors using topol-
ogy optimization and fabricated a 5.0 mm diameter stainless steel proto-
type. Subsequently, a miniaturized prototype was developed by applying
size and shape optimization [180], [189]. Recently, a compliant forceps with
serpentine flexures was designed to overcome the problem of parallel mo-
tion found in traditional forceps with ‘U’ shaped flexure [190]. Cronin et
al. [179] demonstrated an endoscopic suturing instrument by optimizing
a compliant design that provides sufficient puncture force with maximum
distal opening of the suture arms.

Several forms of grasping tools have been investigated which utilize the
flexibility and stiffness that a CM can offer with different geometry, mate-
rials and fabrication techniques. For example, an underactuated compliant
gripper made of five phalanges was designed to have large shape-adaptation
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Figure 2.2: Contribution of different surgical applications of compliant
mechanisms, showing the distribution of the number of surgical devices
reviewed in this chapter in each application group.

capability and the deformation was shared by many joints so as to increase
the lifetime of the device [133]. A polymer-based MIS shaft instrument was
developed using a hybrid effector mechanism combining compliant joints
and conventional pin joints [120]. A three-fingered laparoscopic grasper for
finger articulation was designed using flexures, leading to distribution of the
grasping force, and thereby minimizing tissue perforation [191]. A multi-
material design was utilized for a compliant narrow-gauge surgical forceps
for laparoscopic and endoscopic procedures [192]. Large grasping forces
were realized through a hybrid design approach by having some regions with
high stiffness and other regions with greater flexibility to provide larger jaw
openings. In subsequent work, a design optimization routine was carried
out to maximize the tool performance, validating the grasping potential
of a meso-scale contact-aided compliant forceps [193], [194]. Recently, the
grasping performance of a compliant surgical grasper was enhanced by func-
tional grading which introduces material with elastic nonlinearity at certain
segments of the grasper, while reducing the maximum overall stress [176].

The introduction of robot-assisted surgery has led to many designs of
CM-based grasping end effectors, in order to deliver efficient manipula-
tion with high dexterity. Piccin et al. [178] showed that a flexible needle
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grasping device for medical robots has a higher threshold force and stiff-
ness before slipping, compared to a rigid-body needle grasping device. In
another work by Forbrigger et al. [174], the distal dexterity of a brain tis-
sue resection robot was enhanced by a magnetically-driven forceps made
with flexible beams and eliminating the need for an external mechanical or
electrical transmission to actuate the end effector.

The monolithic nature of CMs makes them easier to fabricate when
compared to the pivoted jaw configurations of current grasping tools [195].
Hence, CM was used in developing a disposable compliant forceps for HIV
patients in which, the Q-joints methods was employed to replace a con-
ventional pin-joint [196]. Later, Sun et al. [98] synthesized the shape of
a disposable compliant forceps for traditional open surgical applications
using topology optimization. Subsequently, an adaptive grasping function
of the forceps to overcome damaging sensitive organs during both open
surgery and robot-assisted minimally invasive surgery (MIS) was devised
using topology optimization [160].

At micrometer scale, CM-based microgrippers and micromanipulators
have been developed based on flexure hinges and cantilever beam struc-
tures. A microgripper made up of piezoelectric bending unimorphs was
demonstrated by Haddab et al.[169]. Accurate manipulation of a hybrid
compliant gripper was achieved using a combination of flexure hinges and
a bias spring [131]. Ease in grasping and accurate tool positioning of a
micro-forceps was provided by optimizing the jaw design to minimize actu-
ation force, internal stresses, and size [197]. Yang et al. [198] demonstrated
the opening and closing of the jaws of a compliant micrograsper and micro-
cutter for ophthalmic surgery, by using a cylindrical package tube pulled
through the device. While the use of CMs contributes to the elimination
of Coulomb friction and backlash, they have some inherent drawbacks. As
noted in the design of a low cost flexure-based handheld mechanism for
micromanipulation, a drift in the major axis is caused by the imperfect
rotation of most compliant joints [147]. Flexure hinges have limited range
of angular motion depending on the geometry and material properties of
the hinge, and cantilever structures fail to produce perfect parallel motion
[131], [199]. However, topology optimization aided by intuition has been
used to design CM grippers with parallel-jaw motion.
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2.3.2 Reachability and Steerability

This section describes applications of CMs to increase range of motion
and enhance steerability of the surgical instruments to reach difficult to
reach surgical sites inside the body. Single-port laproscopic and endoscopic
procedures are adversely affected by limited maneuverability of surgical
instruments through confined spaces and narrow visual view inside the
human body. Therefore, a steerable endoscopic instrument was developed
using three coaxial tubes that slide together concentrically to form a single
tube [122]. The design offers additional flexibility due to narrow cuts in
the tube and more room in the lumen as the steering mechanism resides in
the tubular wall. A review on the different joint types used in the steerable
tips of MIS instruments is described by Jeĺınek et al. [63]. To maximize the
span of an endoscopic camera, Simi et al. [173] modelled a compliant joint
in a magnetic levitation system and potential to reduce instrument collision
inside the body was shown. Similarly, a flexure-based foldable and steerable
CM was reported for providing stereo vision capture in laparoscopic surgery
with a pair of miniature cameras [200].

Continuum manipulators are devices that can be precisely steered in-
side the body to reach difficult-to-access surgical sites. CMs have been used
to design flexible miniaturized continuum manipulators for robot-assisted
surgery. For example, a 2 degree-of-freedom (DoF) flexible distal tip for
enhanced dexterity of endoscopic robot surgery was constructed with a
flexible tube cut into a structure consisting of a series of rings connected
by thin elastic joints [137], [201]. A similar design was used in a flexible
micro manipulator for neurosurgery [138], [202]. A two-section tendon-
driven continuum robot with a backbone cut into flexures from a pipe was
designed to enhance tip positioning and offer large viewing angles in en-
doscopic surgery [45], [203]. A multi-arm snake-like robot for MIS was
developed using flexible overtube structure as a spine which guides endo-
scope and other instruments, and two manipulator arms at its tip made of
three separate flexure hinge sections [153]. Since beam flexure structures
suffer from stress concentrations in the corners, as well as fatigue, a snake-
like surgical robot composed of flexible joints based on helical spring was
designed [155]. Furthermore, to prevent axial compression, circular rolling
contacts were introduced at each turn of the helix. Recently, a contactless
mode of actuation and steering of a monolithic metallic compliant con-
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tinuum manipulator with flexures using magnetic fields was demonstrated
[110].

Notched-tube compliant joint mechanisms are variants of aforemen-
tioned continuum manipulators, where different shapes, sizes and patterns
of notches made on tubes can enable different DoFs and range of motion
[44]. For instance, a flexible manipulator arm for single port access ab-
dominal surgery was made from a superelastic nitinol tube with triangular
notches [204]–[207]. A needle-sized wrist made from a nitinol tube with
rectangular cutouts was developed to increase the DoF and dexterity of
needle laparoscopic surgery (needlescopy) surgical tools [116], [208]. East-
wood et al. [209] designed asymmetric notch joints for surgical robots and
noted that decreasing the joint’s tube diameter and increasing notch depth
favours compact bending of the manipulator, but leads to significant reduc-
tion in stiffness. Hence, a contact-aided compliant notched-tube joint for
surgical manipulation was introduced to improve the stiffness and bending
compactness, while operating in confined workspaces [44]. In another work,
a cable-driven dexterous continuum manipulator (DCM) comprising two
nested superelastic nitinol tubes with notches was designed for removing
osteolytic lesions with enhanced volumetric exploration [46], [132], [210]–
[216]. In subsequent work, a flexible ring currette made of thin and long
pre-curved ring nitinol strips was designed to pass through the open lumen
of the DCM [217]. The integration of DCM to a da Vinci actuation box (In-
tuitive Surgical, Inc., USA) as a hand-held actuator was also shown [136],
[218]. In related work, a flexible cutter and an actuation unit to control
the DCM were designed to study its buckling behavior during the cutting
procedure [219]. The designs of a debriding tool that passes through the
lumen of DCM and a steerable drill following a curved-drilling approach to
remove lesions were also investigated [220], [221]. Subsequently, by using
the curved drilling technique, a bendable medical screw made of two arrays
of orthogonal notches along its shaft was devised for internal fixation of
bone fractures [135], [222].

Concentric tube robots (CTRs) are a special type of continuum ma-
nipulators that are made of multiple precurved elastic tubes that are con-
centrically nested within one another [223]. CTRs have been deployed for
“follow-the-leader” insertion and their steering is not affected by the tis-
sue interaction forces [224]. Thus, they have found several applications as
steerable needles and miniaturized surgical manipulators [225].
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Some surgical manipulators rely on CMs to enhance articulation. For
instance, a compliant articulation structure for surgical tool tips using niti-
nol was designed to increase the functional workspace and deliver a large
blocked force [226]. Other work studied the use of corner-filleted flexure
hinge-based compliant joints in a compliant grasper integrated to a 2-DoF
surgical tooltip, and circular guide members were added to strengthen the
load carrying capacity of the slender compliant joints [142]. Later, a 3-DoF
surgical tooltip with modified serpentine flexures and magnetic coupling
was developed [143]. Arata et al. [227] designed a prototype of 2-DoF ar-
ticulated laparoscopic surgical instrument using a CM to move two spring
blades at the tip. Thereafter, a 4-DoF compliant manipulator was proposed
consisting of springs designed to deform locally, reducing the bending radius
[182]. A subsequent study on the variation of range of motion and rigidity
of elastic moments revealed that to achieve a higher range of motion, there
will be a trade-off with the lower values of output force and the precision,
and vice versa [228].

The flexibility provided by CMs can be extended to positively affect
some specific surgical applications. For instance, a compliant endoscopic
ablation probe composed of an array of compliant tines was designed to gen-
erate target spherical heating zones, and improve the distribution of heat in
the ablation zone [229], [230]. A 3 DoF microrobotic wrist for needlescopy
was fabricated using MEMS technology [130], [167]. It was based on a CM
derived from a reference parallel kinematics mechanism architecture with
three legs, which offered increased instantaneous mobility. A compliant in-
strument for preparing the subtalar joint for arthroscopic joint fusion was
developed, having a shaft design which was compliant in only one direc-
tion and stiff in the other two directions to resist and transmit machining
forces [231]. In subsequent work, a sideways-steerable instrument joint was
designed for meniscectomy that increases range of motion and reachabil-
ity within the knee joint while operating through small portal of the body
[232], [233]. It consisted of a compliant rolling-contact element (CORE)
which was rotated by flexural steering beams configured in a parallelogram
mechanism. Steerability of kinked bevel-tip needles was improved through
the use of a flexure-based needle tip design while minimizing tissue damage,
as the flexure keeps the needle in place during insertion [234].
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2.3.3 Transmission

Transmission refers to the use of CMs in augmenting an actuator in the
transfer of force, displacement or energy. In some surgical devices, CMs
made for force or displacement transmission serve as an input or feedback
for the principal function of the device. For example, the translation motion
of a medical robot for ENT (ear, nose and throat) surgery was provided
using compliant linear joints fabricated by 3D printing [77]. Yim et al.
[172] showed passive deformation and recovery of a magnetically actuated
compliant capsule endoscopic robot, by having its structure based on a
Sarrus linkage and circular flexure hinges.

The traditional compliant rolling-contact element (CORE) joint in-
volves joining two half cylinders with flexures. Derived from CORE, the
Split CORE was integrated to a wrist design provided by Intuitive Surgical
Inc. to create a 3 DoF gripping mechanism [150]. Lan et al. [78] developed
an adjustable constant-force forceps for robot-assisted surgical manipula-
tion to aid in grasping soft tissues. It employs a compliant constant-torque
mechanism made using flexible arms to transmit the required force to for-
ceps tips. The motion of a flexure-based parallel manipulator for an ac-
tive handheld microsurgical instrument was tracked in order to cancel the
hand tremors using piezo-actuators [149]. Awtar et al. [183] developed
FlexDex™, a minimally invasive surgical tool frame that is attached to the
surgeon’s forearm to enhance dexterity and provide intuitive control. The
design projects a two-DoF virtual center of rotation for the tool handle at
the surgeon’s wrist using transmission strips, making it stiff about one axis
and compliant in the orthogonal axis.

In microsurgery applications, the concept of pop-up book MEMS has
found a few applications. For example, pop-up components made of flexible
hinges were designed to realize an articulating microsurgical gripper and a
flexural return spring to passively open the gripper [81]. A multi-articulated
robotic arm was fabricated by introducing soft elastomeric materials into
the pop-up book MEMS process, and mounted on top of an endoscope
model demonstrating potential surgical applications such as tissue retrac-
tion [82].

A drawback of CMs is that energy efficiency is challenged due to energy
storage in the flexible members of the mechanism [235]. Herder and Van
Den Berg [236] introduced the principle of a statically balanced compliant
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mechanism (SBCM) to circumvent this problem for a partially compliant
statically balanced laparoscopic grasper (SBLG), in which a negative stiff-
ness mechanism negates the elastic forces of the CM. Drent and Herder
[237] developed a numerical optimization model for total range of motion
of a SBLG with normal springs (with non-zero free length) and a constant
force transfer function. Powell and Frecker [238] designed a compensa-
tion mechanism of a compliant forceps for ophthalmic surgery using a rigid
link slider-crank mechanism with a nonlinear spring, which balances the
potential energy of the CM. de Lange et al. [95] used topology optimiza-
tion for a SBCM, which resulted in reduced actuation force of a SBLG.
Tolou and Herder [109] modelled a partially compliant SBLG using pairs
of pre-stressed initially-curved pinned-pinned beams made of linear elastic
material that resulted in reduced Von Mises stress and balancing error.
Hoetmer et al. [101] investigated a building block approach in designing
SBCM, since the pseudo-rigid-body method and the topology optimization
did not consider an optimization process and the stress constraints, respec-
tively. Subsequently, the first physical demonstration of SBCM with fully
compliant elements was shown by taking into account stiffness, range of mo-
tion, and stress [239]. Lassooij et al. [240] used pre-curved straight-guided
beams that are preloaded collinear with the direction of actuation of a fully
compliant SBLG with a near zero stiffness, also demonstrating its bi-stable
behaviour. Earlier, Stapel and Herder [241] had carried out a feasibility
study of a fully compliant SBLG using the pseudo-rigid-body method. In
subsequent work, Lamers et al. [102] developed a fully compliant SBLG
with zero stiffness and zero operation force.

2.3.4 Sensing

Sensing application refers to the use of CMs in detecting or measuring
physical quantities. Several kinds of sensors rely on the change in deflection
or stiffness of CMs in conjunction with other transducers like optical sensors
and strain gauges to measure physical parameters. Alternatively, vision-
based force sensing integrated with miniature grippers was reported by
Reddy et al. [242]. Subsequently, a compliant end-effector to passively
limit the force in tele-operated tissue-cutting using the vision-based force
sensing for haptic feedback was demonstrated [114].

Force sensing forms an integral part of different surgical applications
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that involve tissue palpation, pulling and pushing of tissue during biopsy,
to name a few. A miniature microsurgical instrument tip force sensor dur-
ing robot-assisted manipulation was developed using a double-cross flexure
beam configuration [243]. It can provide uniform force sensitivity in all
directions at the instrument tip by altering the vertical separation between
the beam crosses. A force-torque transducer based on flexural-jointed Stew-
art platform was integrated to an MIS instrument’s tip to enable 6-axis force
sensing capability [244].

Magnetic resonance imaging (MRI)-compatible force sensors, in partic-
ular, benefit from a CM-based design as the metallic and electric elements
can be placed outside MRI. The force sensing element typically consists of
an elastic body which deforms under the influence of an applied force, which
in turn is measured by a transducer like optical fiber. For example, high
accuracy and high sensitivity to displacement was demonstrated using op-
tical micrometry by supporting the force detector with thin annular plates
which convert applied force into minute displacement [245]. Later, a par-
allel plate structure was chosen to design a uniaxial force sensor due to its
directionality and simplicity, offering better accuracy including hysteresis
characteristics and axial interference than the previous design [246].

Different types of flexible elements can be adapted in the design of force
sensors. Analysing the mechanical design of sensing elements, a polymer
torsion beam guided in rotation by a ball bearing and supported by compli-
ant linkages was proposed in the development of an MRI-compatible torque
sensor [118]. The sensor design was further improved for a 2-DoF haptic
interface by using a sensing body made of two blades fixed between the
optical head and the reflective target [124]. The blade causes a displace-
ment of the optical head upon application of force by the subject and pre-
vents deformation in other directions, thereby minimizing cross-sensitivity.
Later, an ultrasonic motor torque sensor using flexible hinges was also de-
veloped [119]. A 3-axis optical fiber force sensor for MRI applications was
designed using a 3-DoF compliant platform made of 3 identical cantilever
beams with their supports, offering flexibility in response to axial forces
and bending moments and high stiffness to withstand axial torque [247].
A 3-axis optical force sensor made of two parallelogram-like segments of
helical circular engravings that can provide intrinsic axial/ lateral overload
protection during prostate needle placement was developed [248]. Similarly,
a triaxial catheter tip force sensor having flexures and integrated reflector
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was developed for cardiac procedures [144]. The flexures are designed so
that the axial and lateral forces cause different deformation of the flexures
which leads to different amounts of light getting reflected and detected by
the photo detectors.

A challenge with multi-axial force sensors lies in the decoupling of forces
along the axes as observed in the study by Gao et al. [184]. Linear decou-
pling methods proved to be inaccurate since local deformation of flexures
affects the strains measured. A method to decouple pulling and grasping
forces of a 2-DOF compliant forceps was derived using the serial connections
of two torsional springs which was realized by optimizing the shape of two
circular-type flexure hinges [84]. However, rotational perturbation of for-
ceps, sideway forces acting at the forceps, and fabrication errors introduced
disturbances in the force measurement. Gonenc et al. [197] demonstrated
axial-transverse force decoupling in their flexure design of micro-forceps for
robot-assisted vitreoretinal surgery. Peirs et al. [134] decoupled the defor-
mations caused by axial and radial forces of a micro optical force sensor
for minimally invasive robotic surgery, using four identical parallelograms
placed in an axisymmetric arrangement. Fifanski et al. [249] developed
a flexure-based in-vivo force sensor that can measure forces in 3D using
individual optical fibers. As flexure-based force sensors cause undesirable
transverse moments, twists and lateral deflections, making it difficult to
measure forces along the different axes, Tan et al. [96] presented a potential
solution of decoupling the force measurements using topology optimization
to design the elastic frame structure.

Other factors to be considered while designing force sensors include ther-
mal sensitivity, hysteresis, plastic deformation and friction due to contact
between internal components that can alter the elastic behaviour of flex-
ures [145]. Kumar et al. [250] developed a force sensor using a compliant
version of the Sarrus mechanism and strain gauges. Their elastic model
could not address the hysteresis, viscoelastic effects, and non-linearities
in the prototype caused by fabrication process. To increase the sensitiv-
ity of force sensors, Krishnan and Ananthasuresh [251] evaluated several
displacement-amplifying compliant mechanisms (DaCMs) and proposed a
general design methodology using application-specific topology optimiza-
tion. Furthermore, a study by Turkseven and Ueda [185], [252] showed
that a DaCM-based force sensor with lower sensitivity can enhance the
performance of the sensor by reducing hysteresis and improving signal-to-
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noise ratio. CMs can also be used to passively sense force and respond
in surgical situations. An instance of this was discussed in the context of
endoscopy simulation [253], which could also be used in virtual surgical
trials. In this work, a CM was designed to convert radial force experienced
by the inner rim of a ring into circumferential motion of the ring that can
be measured using an encoder.

2.3.5 Implants and Deployable Devices

Implants are medical devices embedded inside the body via surgery to re-
place or enhance damaged biological tissue. Within this review, different
applications of implants designed using CMs are discussed. FlexSuRe™,
a spinal implant based on the geometry of Lamina Emergent Torsional
(LET) joint was developed to restore normal motion to the degenerate
spine [254]. The LET joint is made from a lamina, and torsion of beams
results in flexibility in multiple directions similar to the intervertebral disc.
An intraocular implant with CM-based silicon linkages was designed to
amplify the displacement of a piezoelectric bender and provide an almost
tilt-free translational displacement of the lens for optical imaging quality
[186]. Krucinski et al. [171] showed that the flexural stresses of biopros-
thetic heart valves can be reduced by incorporating a flexible or expansile
supporting stent into the valve design.

Within the context of this chapter, deployable devices refer to CMs
designed to change in shape and size that facilitate insertion of the surgi-
cal device in a compact form to reduce invasiveness of the procedure. For
example, Chen et al. [255] designed an intra-cardiac magnetic resonance
imaging (ICMRI) catheter consisting of folded imaging coil during vascular
navigation (4.5 mm in diameter). Upon deployment, it forms a circular
loop (40 mm in diameter) to image a 40mm field of view. Herrmann et al.
[187] developed a bistable heart valve prosthesis that can be folded inside
a catheter and percutaneously inserted for delivery to the patient’s heart
for implantation. In designing cardicovascular stents, topology optimiza-
tion was used to generate optimal geometry of stent cells and maximize the
stiffness of the point of application of forces, thereby maintaining struc-
tural integrity [97]. However, plastic strains can cause non-uniformity in
the expanded portion of the stent. Hence, James et al. [86] used topol-
ogy optimization to design a bi-stable stent that snaps-through to a stable
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expanded configuration, relying on the geometric non-linearity of the struc-
ture.

Origami-based designs have emerged as a powerful tool in developing
deployable devices for MIS [87]. According to Edmondson et al. [256],
“Origami can be viewed as a compliant mechanism when folds are treated
as joints and panels as links.” A pair of origami-inspired surgical forceps was
developed to ease the fabrication and sterilization process of robotic forceps.
Increase in flexibility while maintaining rigidity was achieved by ultilizing
multi-layer lamina emergent mechanisms (MLEMs) in the design process.
(MLEMs are a type of CM made from multiple sheets (lamina) of material
with motion out of plane of fabrication, to achieve specific design objectives
[257]). Subsequently, small grippers (3 mm in diameter) were developed for
the Intuitive Surgical’s da Vinci robotic surgical systems which can be de-
ployed inside the body during surgery [258]. Salerno et al. [163] integrated
an origami parallel module to generate rotations and translation of a com-
pliant gripper. Recently, Kuribayashi et al. [164] designed a self-deployable
origami stent graft using hill and valley folds. Bobbert et al. [259] fused
the origami, kirigami, and multi-stability principles to fabricate deployable
meta-implants. It was also shown that the mechanical properties of the
implant can gradually increase, depending on the design of kirigami cut
patterns that determine the porous structures allowing bone regeneration.
Halverson et al. [85] developed a disc implant based on CORE to mimic the
biomechanics of human spine. Later, Nelson et al. [260] demonstrated a de-
ployable CORE joint (D-CORE) using curved-folding origami techniques to
enable transition from a flat state to a deployed functioning state. Origami
works well with flexible non-metallic materials, thus making them ideal for
MRI-guided procedures which is hazardous in the presence of magnetic ma-
terials. Recently, an MR-conditional SMA-based origami joint using CORE
for potential applications in endoscopy was demonstrated [165].

2.4 Discussion

This study set out with the aim of assessing the utility of CMs in design-
ing surgical devices. There are some challenges that hinder the further
development and implementation of these devices in clinical practice. A
drawback concerning CMs is the adverse effect of stress concentrations and
fatigue, especially in flexure-based designs under cyclic loading. This is a
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major challenge in the medical field where device failure is not acceptable.
To tackle this issue, there is a growing interest towards developing multi-
material CMs [127], [261]–[263] and functional grading of CMs [176], [264],
to enhance structural integrity. The emerging concept of the so-called 4D
printing ushers in many more possibilities for using CMs in surgical appli-
cations [265]. This technology can strengthen mechanical properties and
create multi-material programmable structures made of elastomers and soft
active materials like shape memory polymers which react to environment
stimuli such as temperature, moisture and magnetic field. Soft robotics is
another emerging field of interest which utilizes flexibility to function but
is not classified under CMs. Inspired by the softness and body compliance
of biological systems, continuum devices based on soft robotics systems are
designed using compliant materials [266].

The behaviour of CMs with geometric nonlinearity caused by large
deflections is disregarded in many studies described in Section 2.3. Re-
searchers have investigated this behaviour of CMs using topology synthesis
and other non-linear modelling methods. It is beyond the scope of this
chapter to discuss these approaches, and readers are advised to refer to
the following works: [267]–[271]. An interesting finding of this study is the
pivotal role of CMs in developing a new class of force sensors for surgical
procedures. However, much uncertainty still exists on the underlying con-
voluted issues of hysteresis, plastic deformation, among others as discussed
in Section 2.3.4. There is scope for improvement by analysing and under-
standing the deformation of flexible members of CMs under these complex
conditions.

This review highlights the merits of CMs over conventional rigid body
mechanisms due to elimination of joint friction, backlash, wear, and need
for lubrication. This aspect is leveraged by integration of CMs with modern
actuators such as magnets, SMAs, and piezoelectric materials [272]. How-
ever, a major challenge lies in analysing an overall system of CM consisting
of multiple flexible members. While the monolithic nature of most of the
CMs simplifies the fabrication and assembly processes, the flip side is that
the whole design may fail if even one part of the mechanism breaks. It
is infeasible to restore and modify CM-based designs for quick testing and
improvement. Since the key functioning of CMs depends on the stiffness
and the resulting deformation, accurate fabrication is critical, which can
lead to higher production costs and lead time.
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From a clinical standpoint, the protection of instruments from con-
tamination due to contact with fluids is important. As a potential solu-
tion, some researchers have suggested soft elastic coating of the instrument
[110], [144], [273]. However, further analysis of the implications of in-vivo
operating conditions on the instrument’s performance, while maintaining
sterilization, is necessary.

2.5 Conclusions

An overview of the design aspects of CMs in surgical interventions is pre-
sented in this chapter, discussing design methodology, material selection
and failure prevention, fabrication, and actuation methods. CMs provide
many advantages such as reduction of assembly steps, high precision, accu-
rancy and repeatability with the elimination of backlash, friction and wear.
This study has identified the virtues of elastic deformation of compliant
members in achieving desired functions tailored for diverse surgical appli-
cations including but not limited to laparoscopy, endoscopy, ablation, ENT
surgery, vitreoretinal surgery, to robot-assisted surgical interventions. The
challenges associated with these applications related to biocompatibility of
surgical instrument, fatigue, stress concentration, energy efficiency, fabri-
cation and complex modelling methods of CMs are discussed. The domain
of CMs is a niche area of research that has seen tremendous growth in the
last few decades and has raised many questions in need of further investiga-
tion. The analysis undertaken here extends our existing knowledge of CMs
and offers valuable insights for future research. This would help in paving
the way towards seamless integration of CMs in designing safe, dexterous,
efficient and cutting-edge surgical devices.

Acknowledgment

The authors would like to thank Ms. Jyoti Sonawane for her assistance in
the literature review.

46

2



i
i

“output” — 2023/3/13 — 10:57 — page 47 — #63 i
i

i
i

i
i

3
AMonolithic Compliant ContinuumMa-

nipulator: A Proof-of-Concept Study

Note: The following chapter is adapted from the article “A Monolithic
Compliant Continuum Manipulator: A Proof-of-Concept Study” by T. L.
Thomas, V. Kalpathy Venkiteswaran, G. K. Ananthasuresh, and S. Misra,
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doctoral thesis. No changes to the technical contents of this peer-reviewed
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Abstract

Continuum robots have the potential to form an effective interface between
the patient and surgeon in minimally invasive procedures. Magnetic ac-
tuation has the potential for accurate catheter steering, reducing tissue
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Proof-of-Concept Study

trauma and decreasing radiation exposure. In this chapter, a new design of
a monolithic metallic compliant continuum manipulator is presented, with
flexures for precise motion. Contactless actuation is achieved using time-
varying magnetic fields generated by an array of electromagnetic coils. The
motion of the manipulator under magnetic actuation for planar deflection is
studied. The mean errors of the theoretical model compared to experiments
over three designs are found as 1.9 mm and 5.1◦ in estimating the in-plane
position and orientation of the tip of the manipulator, respectively and 1.2
mm for the whole shape of the manipulator. Maneuverability of the manip-
ulator is demonstrated by steering it along a path of known curvature and
through a gelatin phantom which is visualized in real-time using ultrasound
imaging, validating its application as a steerable surgical manipulator.

3.1 Introduction

The field of continuum robots has seen significant growth in the last few
decades. The designs of snakes, elephant trunks, and octopus tentacles
have encouraged researchers to devise bio-inspired hyper-reduntant robots
for dexterous manipulation of objects [274]. Continuum robots have great
potential within medical applications, and in particular for robot-assisted
minimally invasive surgery (MIS). In current literature, the focus is on
designing miniaturized manipulators which are sufficiently flexible to be
steered inside the body and reach difficult-to-access surgical sites with high
dexterity. Such devices find applications in neurosurgery, endoscopy, la-
paroscopy, biopsy and other surgical procedures in which these devices
enter the body through small incisions [275], [276].

There is a growing body of literature that demonstrates many appli-
cations of continuum manipulators in MIS with different designs [13]. For
example, concentric-tube robots having multiple tubes of different prede-
termined curvature and stiffness can cover wide geometry that enables sur-
gical dexterity [49]. Burgner et al. [19] showed that an interchangeable
inner tube enables easy sterilization. However, tackling snapping behavior
of concentric-tube robots during manipulation remains a challenge [224]. A
teleoperated multibackbone continuum manipulator with multiple instru-
mentation channels has been demonstrated by Goldman et al. [23], and
Yang et al. [277] developed a snake-inspired robot for performing com-
plex endoscopic tasks. Nonetheless, piston-lead screw actuation units have
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inherent backlash which reduces positioning accuracy and tendon-driven
systems are difficult to miniaturize. Other commercially available systems
such as the Sensei X by Hansen Medical, Inc. (California, U.S.), have
demonstrated significant advantage in reduction of X-ray exposure [278],
[279]. As the radiation exposure time of patients and physicians depends
on the complexity of the procedure, such remote navigation systems have
the potential to assist surgeons perform their task quickly without direct
intervention [280], [281].

Over the years, surgical instruments based on compliant mechanisms
have gained significant attention [76]. The use of monolithic mechanism
designs reduce the number of assembly steps, thereby simplifying the fab-
rication process and reducing maintenance [73]. Relative motion between
members is eliminated, leading to high precision, reduction in wear, friction,
backlash, noise, while rendering lubrication non-essential [282]. A number
of compliant mechanisms utilize flexure hinges, which are flexible members
that enable relative limited rotation between two adjacent rigid members
[283]. Yin and Anathasuresh have previously demonstrated the virtues of
distributed compliance in flexure-based mechanisms, reducing peak stresses
in the system and achieving restrained uniform local deformation [284].
Thus, flexure-based designs with reduced stress and limited local defor-
mation, have potential for application in design of surgical devices. For
instance, Swaney et al. [234] have designed a flexure-based steerable needle
that minimizes tissue damage and Chandrasekaran et al. [142], [143] have
developed flexure-based designs of surgical tooltip combined with magnetic
coupling and tether-driven power transmission. Previously, Kim et al. have
designed a continuum manipulator using creative slotting patterns of nar-
row necked flexures resulting in discrete compliance [285]. Flexure-based
designs are also found in the backbone structures of endoscopic continuum
robot designed by Kato et al. [45] and the Artisan Extend Control Catheter
by Hansen Medical, Inc. (California, U.S.) [278], which are tendon-driven
devices.

Recently, several studies have proposed magnetic actuation of surgical
devices due to the advantages offered by contactless actuation, leading to
compact designs [37], [286]. Static or low-frequency magnetic fields are also
suitable for surgical environments because they are not harmful to humans.
Commercial systems using remote magnetic navigation (RMN) are avail-
able, such as the Niobe magnetic navigation system (Stereotaxis, Inc., U.S.)
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Permanent MagnetFlexure design of 

Continuum Manipulator

Electromagnetic Coils

Magnetic Field

Artery

N
S

Flexure

Figure 3.1: An illustration of the continuum manipulator being guided
inside the arterial system of forearm by a pair of electromagnetic coils.
The inset shows the continuum manipulator with a magnet at its end. The
inset of the manipulator shows the flexures.

for ablation procedures with catheters equipped with small permanent mag-
nets [287]–[289]. Multiple studies have been conducted on the use of RMN
and magnetic control strategies for surgical manipulators [290]–[293]. This
has heightened the need for versatile designs of magnetic catheters which
are dexterous and multifunctional to perform complex surgical procedures
[26], [294], [295].

This chapter describes a new design of a metallic compliant continuum
manipulator capable of planar and spatial bending. The design entails a
novel slotting pattern to make a segmented continuum manipulator that is
capable of bending about two axes and is cut out of a monolithic tube with-
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out using assembly. The objective of this research is to demonstrate the
use of a monolithic flexure-based continuum manipulator capable of precise
motion using contactless actuation, thereby eliminating undesired backlash
and friction, with the potential for further miniaturization. The monolithic
compliant design of manipulator enables easy modeling due to linear load-
deformation characteristics at individual segments of the manipulator. In
contrast to other designs in literature, the manipulator described here has
built-in mechanical motion constraints which restrict the maximum stress
in the flexure, thereby maintaining the strength of the manipulator and
leading to distributed compliance. In this work, three designs of the planar
bending manipulator design are fabricated. Each of them is actuated us-
ing controlled magnetic fields by attaching a permanent magnet at its tip.
Experiments are conducted to examine the motion characteristics of the
manipulator under the influence of actuation loads. The potential of the
manipulator as a flexible surgical manipulator which can be steered inside
the body is also demonstrated. A conceptual schematic of the continuum
manipulator in a surgical application actuated by electromagnetic coils is
shown in Fig. 3.1.

3.2 Design of the Continuum Manipulator

In this section, the design of the metallic continuum manipulator is de-
scribed. The concept of the flexures with limited range of motion is pre-
sented, followed by the details for single-axis bending, two-axis bending,
and the fabrication method.

The body of the manipulator is made from a hollow metallic tube with
a series of flexures created by cuts along its length, with each flexure form-
ing an elastic rotational pair. Fig. 2(a) shows a schematic of the design,
with the inset showing a cut-section. The range of motion of each flex-
ure is physically constrained by the nature of the cut, thereby limiting the
maximum stress in the flexure and preventing failure. The flexures enable
bending of the manipulator about the axis perpendicular to the plane of
section.
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3.2 Design of the Continuum Manipulator

3.2.1 Single-axis bending design

For achieving rotation about one axis, all flexures are aligned to bend in
the same plane. Consider the design shown in Fig. 2(a): it consists of N
flexures along the manipulator of length (L). The hollow tube has inner ra-
dius (r) and outer radius (R). Each flexure is a thin plate having length (l),
width (w) and thickness (t = R− r). The thin plate can be approximately
modeled as a cantilever beam. Each beam (i) is restricted to bend such that
its tip displacement (δi) is limited to the width of the cut (wc). The cut
into the tube is made at an angle (ψ) to the length of the flexure. Since the
flexures are designed such that wc << l, linear load-displacement relation-
ships are applicable. For the purpose of design, the flexures are assumed to
undergo pure bending (no shear loads) due to the actuation method used
in this chapter. Thus, the maximum tip displacement of the flexure (i) is

δmax
i =

Mil
2

2EI
= wc , (3.1)

where Mi is the internal bending moment in flexure i and E is the elastic
modulus of the material. The second moment of area of the flexure’s cross-
section (I) is given by I = w3t

12 .

Each flexure (i) rotates by an angle (θi) with respect to the preceding
beam (i−1). The maximum deflection angle of each flexure (θmax

i ) is given
by,

θmax
i =

Mil

EI
, (3.2)

Substituting (3.1) into (3.2) delivers,

θmax
i =

2wc

l
, (3.3)

Since each segment of length (Li) rotates by a maximum angle (θmax
i ), the

manipulator of length (L) can undergo a total maximum rotation (θmax)
expressed as,

θmax =
L

Li
θmax
i , (3.4)

Additionally, to ensure that the manipulator does not fail, the stress in each
flexure must be limited to well below the yield stress (σy) of the material.
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The maximum stress in the manipulator (σmax) and factor of safety (FoS)
are calculated as follows:

σmax =
Miw

2I
= E

wcw

l2
, (3.5)

FoS =
σy
σmax

, (3.6)

For planar bending, we assume Li = 1.5l between two consecutive beams
for sufficient spacing, and the angle (ψ) is set to 135◦. Therefore,

θmax =
L

1.5l

(
2wc

l

)
=

4

3

Lwc

l2
, (3.7)

Therefore, for a required maximum deflection (θmax), the length of each
flexure is given by

l =

√
4

3

Lwc

θmax
, (3.8)

This implies that the size of the flexure depends on the total length of the
manipulator and the desired deflection of manipulator. These parameters
can be fine-tuned to achieve a suitable design. Additionally, the critical
load for buckling (Pcr) is calculated using Euler’s formula as follows:

Pcr =
π2EI

l2
. (3.9)

3.2.2 Two-axis bending design

In order to achieve spatial bending, the flexures must be cut in two planes
orthogonal to each other so as to permit rotation about two axes perpen-
dicular to the longitudinal axis of the tube. The isometric, front, and side
views of such a design are shown in Fig. 2(b). The directions of the cuts
into the tube for each axis are reversed to make the design more compact,
and the angle of cut (ψ) is reduced to 110◦. In order to accommodate the
orthogonal cuts, the length of each segment is set to Li = l − 3R cos(ψ).

The equations for each flexure (3.1-4.4) also hold for the spatial design.
It is inferred from (3.3) that with increase in width of cut (wc), the max-
imum angular deflection (θmax) increases. However, the factor of safety
(FoS) decreases with increasing wc, as observed in (4.3) and (4.4). This is
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Table 3.1: Design parameters for two-axis bending design as shown in Fig.
3.2. N , FoS and Pcr are the number of flexures, factor of safety, and critical
load for buckling respectively.

l (mm) L (mm) w (µm) wc (µm) N FoS Pcr(N)

1.46 60 50 40 20 3.51 10.11

evident in the contour plots showing the effect of different design parame-
ters on factor of safety in Fig. 3.3. In Fig. 3.3(a), sharp changes in FoS are
observed over a range of w and wc. This is because the number of flexures
(N) can only take whole integer values. The final design parameters are
determined through a trade-off between FoS and θmax. Titanium grade-2
(E = 105 GPa, σy = 345 MPa) is chosen as the material. The resultant
parameters are listed in Table 3.1. It has N = 20 flexures for bending along
each orthogonal plane, and is designed for a deflection of θmax = 60◦.

To validate the concept, one segment of the two-axis design is analyzed
using Finite Element software (Workbench 16.2, Ansys Inc., Canonsburg,
PA, USA). The model is meshed using SOLID187 3-D 10-node elements
with a minimum edge length of 0.01 mm. The bottom end is constrained
and a rotational displacement is applied at the top. The combined bending
case is tested by a tip rotation of 3◦ (θmax/N) to both flexures. The
results are shown in Fig. 3.4. The maximum stress when both flexures are
at maximum deflection is 101.16 MPa, while the stress calculated using
(4.3) is 99.82 MPa with FoS = 3.51. Therefore, the proposed design is
considered safe and the theoretical stress prediction using the beam model
is tenable.

3.2.3 Fabrication

For demonstrating a proof-of-concept, the design of single-axis bending
manipulator is adopted as it involves a relatively less complex fabrication
process, compared to the two-axis design. Titanium (grade-2) is chosen
for fabrication, due to its high ratio of yield strength to elastic modulus
(σy = 345 MPa, E = 105 GPa) and low weight ratio [70]. Furthermore, it
can be used in medical applications due to its non-toxic nature. A hollow
titanium tube of outer diameter 3 mm and wall thickness 0.5 mm is used
here. The flexures are cut along the tube using the technique of wire
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Isometric view Section view

Equivalent (von Mises) 

Stress in MPa

1 mm

101.16 

89.91

78.67

67.43

56.19

44.95

33.71

22.47

11.24

0 

Figure 3.4: Stress analysis of a single segment of the two-axis bending
design using finite element software. Isometric view shows spatial deflection
of the tube under combined loading, while the section view demonstrates
that the bending stresses are limited to the flexures.

electrical discharge machining (EDM). The diameter of the wire used in
EDM determines the width of cut (wc). Three single-axis (planar) bending
designs are demonstrated in this chapter: their dimensions and properties
as listed in Table 3.2. The flexures are made along a length of 47.5 mm
for Designs A, leaving 7.5 mm without flexures at the end. For Design
B and Design C, flexures are made along a length of 45 mm and 42 mm,
respectively. The three fabricated designs have FoS > 3 as determined
using (4.4).

In addition, a protective sheath is designed for the manipulator to pre-
vent environmental debris from limiting its function during operation. An
outer lumen of thickness 0.5 mm is made from silicone rubber (EcoflexTM00-
10, Smooth-On, Inc., USA), having a low elastic modulus (Es = 55 kPa).
The silicone rubber sheath is cured in molds made from 3D printed Acry-
lonitrile Butadiene Styrene (ABS) parts. The fabricated manipulator with
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Table 3.2: Fabricated design parameters for single-axis bending design as
shown in Fig. 3.2.

Manipulator l (mm) w (µm) wc (µm) N θmax (◦) FoS Pcr (N)

Design A 1.5 40 55 21 53.58 3.03 2.45
Design B 1.5 65 40 20 36.09 3.12 10.54
Design C 1.1 30 40 23 39.83 3.36 1.92

the sheath is shown in Fig. 3.2(c).

3.3 Magnetic Actuation and Test Setup

In this section, a theoretical model is derived to calculate the deflection of
the manipulator under the influence of an actuating magnetic field. This
is followed by the description of the test setup.

3.3.1 Magnetic Actuation of the Manipulator

A controlled magnetic field is used to actuate the manipulator. To predict
the deflection of the manipulator, a theoretical model based on principle
of minimum potential energy is used. Consider a manipulator fixed at
one end and suspended vertically with a permanent magnet of magnetic
dipole moment (µ) at its tip (Fig. 3.5(a)). When a magnetic field (B) is
applied at an angle (ϕ) to the vertical plane (x− z plane), the permanent
magnet experiences a torque (τ) that tries to align it to the direction of
external field. This causes the flexures to bend resulting in the deflection
of manipulator.

The deflection of the manipulator is calculated using a pseudo-rigid-
body model. Each segment is approximated by a rigid link of length (Li),
with an associated bending stiffness (Ki). When the manipulator is covered
by the polymer sheath, the overall stiffness of each segment is the sum of
stiffnesses of the flexure (Kf

i ) and the sheath (Ks
i ).

Ki = 2Kf
i +Ks

i , (3.10)

Kf
i =

EI

l
, Ks

i =
EsIs
Li

. (3.11)
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Figure 3.5: The manipulator is fixed at top and a permanent magnet hav-
ing dipole moment (µ) is attached to its tip. (a) Free body diagram: under
the influence of magnetic field B acting at an angle (ϕ), the manipulator
deflects by an angle (θN ). Top inset shows the deflection (θi) of each flex-
ure. Bottom inset shows a rigid link with gravitation force (mig) acting at
its center of mass and torque due to magnetic field (τ). (b) Camera image
of Design C taken during static experiments: The red and blue markers
indicate the theoretical and experimental shape estimate of the manipula-
tor, respectively. The inset shows the calculation of whole shape estimation
errors (∆di) for i points on the manipulator. Mean whole shape estimation
error (∆d̄) is calculated as the average of ∆di for N points on the manip-
ulator.

Here E, I, and l are the elastic modulus of Titanium (grade-2), second mo-
ment of area of the flexure’s cross-section, and length of flexure respectively.
Es and Is are the approximate linear elastic modulus of the polymer sheath
and the second moment of area of its cross section respectively. Note that
there are two flexures in each segment, one on either side of the manipula-
tor.

The principle of minimum potential energy is used to analyze the de-
flection of the manipulator. The manipulator has N segments, each with
a mass (mi) that deflects by an angle (θi). Since the manipulator is held
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vertically, we consider the effect of gravity in this model. The total poten-
tial energy of the system is given by, Π = U −Wext. Here, U is the elastic
energy of the system that is, the strain energy in the flexures. And, Wext

is the work done by the external forces, which is equal to the sum of work
done by gravity (Wg) and work done by magnetic field (Wµ). This results
in

Π = U −Wg −Wµ, (3.12)

where
U =

N∑
i=1

1

2
Kiθ

2
i , (3.13)

Wg =

N∑
i=1

migxi +mµgxµ, (3.14)

Wµ =

∫ θN

0
τdθ =

∫ θN

0
µB sin(ϕ− θ)dθ

= µB

[
cos

( N∑
i=1

θi − ϕ

)
− cos(ϕ)

]
, (3.15)

where location of center of mass of each segment (xi,yi) is computed using
forward kinematics as follows:

xi = xi−1 + Li

[
cos(θ1) + cos(θ1 + θ2) + ...+ cos

( i∑
1

θi

)]
,

yi = yi−1 + Li

[
sin(θ1) + sin(θ1 + θ2) + ...+ sin

( i∑
1

θi

)]
. (3.16)

Similarly the weight of last segment and the magnet (mµ) acts at its center
of mass distance (LCoM ), whose x-coordinate is given by,

xµ = xN + LCoM cos

( N∑
i=1

θi

)
, (3.17)

Variation of (3.15-3.17) with respect to θj (where j = 1,2,...,N) results in

∂Wµ

∂θj
= µB

[
sin

(
ϕ−

N∑
i=1

θi

)]
, (3.18)

60

3



i
i

“output” — 2023/3/13 — 10:57 — page 61 — #77 i
i

i
i

i
i

3.3 Magnetic Actuation and Test Setup

∂xi
∂θj

=

{
0 if i < j

−Li
∑j

k=i sin
(∑k

1 θk
)

if j ≤ i ≤ N
, (3.19)

∂xµ
∂θj

= −Li

N∑
k=i

sin

( k∑
1

θk

)
− LCoM sin

( N∑
k=1

θk

)
, (3.20)

The principle of minimum potential energy states that the variation of
total potential energy is zero that is, ∂Π = 0. Substituting (3.18-3.20) in
variation of (3.12) with respect to θj gives N equations as follows:

Kiθi = mig
N∑
i=1

∂xi
∂θj

+ mµg
∂xµ
∂θj

+ µB sin

(
ϕ −

N∑
i=1

θi

)
. (3.21)

This forms a system of equations in θj (where j = 1, 2,...,N) with the
constraint: − θmax

N ≤ θj ≤ θmax

N , where θmax is the total rotation angle
observed at maximum deflection of the manipulator (mechanical rotational
limit of each segment). If the actuation magnetic field is known (B and ϕ),
we can solve the preceding system of equations to obtain the position and
orientation of the manipulator by this model.

3.3.2 Test Setup

For magnetic actuation, two methods of incorporating magnetic properties
on the manipulator are tested. In the first method, a permanent magnet
(radius = 2 mm, height = 5 mm, µ = 0.06 Am2) is fit at the tip of the
manipulator. In the other method, a magnetic sheath of thickness 0.5
mm and length 5 mm is made to cover the manipulator’s tip. It is made
by fusing ferromagnetic particles (praseodymium-iron-boron: PrFeB, with
a mean particle size of 5 µm, Magnequench GmbH, Germany) into the
silicone rubber in 1:1 ratio. The cured polymer is subjected to an external
magnetic field of 1 T (B-E 25 electromagnet, Bruker Corp., USA) to align
the magnetic dipoles, forming a soft polymer magnet [296]. These two
designs are shown in Fig. 3.2(c).

The setup used here consists of two pairs of Helmholtz coils to generate
uniform magnetic fields. Each pair consists of two identical electromagn-
etic coils as shown in Fig. 3.6. The first pair of coils generates a uniform
magnetic field along the y-axis. The second pair of smaller coils is placed
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Figure 3.6: Experimental setup of two-axis Helmholtz coil setup used for
generating magnetic fields. (a) Front view (b) Side view.

inside the first pair to produce a field along the x-axis. Two cameras are
placed in the setup to monitor the front and side view of the workspace.

3.4 Experiments and Results

The deformation characteristics of the three designs of manipulator under
magnetic actuation are evaluated using experiments. The theoretical and
experimental results are compared to substantiate the open-loop actuation
of manipulator under the influence of magnetic field. Section 3.4.1 presents
the static experiments carried out to analyse the motion of manipulator.
Sections 3.4.2 and 3.4.3 are part of a feasibility study of the manipula-
tor which demonstrates the steering of manipulator along a path of known
curvature and through gelatin phantom with ultrasound visualization re-
spectively.

3.4.1 Static Experiments

The manipulator with a permanent magnet at its tip is suspended verti-
cally at the center of magnetic setup. It is subjected to a magnetic field
(B) of constant magnitude. The angle of the magnetic field to the verti-
cal plane (ϕ) is varied to control the tip angle of the manipulator. The
theoretical deformation of the manipulator is calculated using (3.21), with
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x and y coordinates determined using (3.16). The experiments were car-

ried out without the polymer sheath, hence from (3.10) we use Ki = 2Kf
i .

The experimental deflected shape of manipulator is obtained using camera
images acquired at various instants of its motion (Fig. 3.5(a)). An image
processing algorithm tracks several points along the length of the manipu-
lator based on a threshold set on pixel intensity. A cubic polynomial curve
is fit using these points which forms the shape of manipulator. The exper-
imental values of position (x, y) of the manipulator are obtained from the
cubic curve equation and its slope gives the orientation (θ). Fig. 3.5(b) is a
camera image acquired during the experiment showing the theoretical and
experimental shape estimate of the manipulator.

The plots of x, y-coordinates, deflection θ of the tip of manipulator, and
mean whole shape estimation error (∆d̄) for the three designs are shown in
Fig. 3.7. The mean and standard deviation of errors between the two sets
of data are presented in Table 4.2. Designs A, B and C permit a maximum
deflection of 54◦, 36◦ and 40◦ respectively.

Table 3.3: Details of experiments: For strength of magnetic field (B)
at maximum angle (ϕmax), maximum angular deflection of manipulator
(θmax), error between theoretical and experimental models for: position
(∆x and ∆y), orientation (∆θ) of manipulator tip, and mean whole shape
(∆d̄) are shown in terms of mean values and standard deviation (in brack-
ets).

B (mT) ϕmax (◦) θmax (◦) ∆ x (mm) ∆ y (mm) ∆θ (◦) ∆ d̄ (mm)

Design A
20 60 42.85 1.2 (1.4) 2.2(2.3) 5.12 (3.38) 1.1 (0.83)
20 90 53.58 1.8 (1.7) 3.0(2.5) 5.01 (3.53) 1.5 (1.10)

Design B
20 60 31.52 1.4 (1.2) 3.4 (2.2) 6.20 (3.19) 1.5 (0.92)
20 90 38.06 1.4 (1.1) 3.0 (2.2) 5.21 (3.59) 1.3 (0.91)

Design C
10 60 37.31 0.77 (0.66) 2.2 (1.6) 4.76 (2.59) 0.98 (0.60)
15 60 39.83 0.72 (0.59) 2.1 (1.5) 4.48 (2.44) 0.94 (0.56)
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3.4.2 Manipulator Steering

In this section, the steerability of the manipualtor under open-loop actua-
tion is demonstrated. The length of the manipulator within the workspace
is controlled using a linear slide (LX20, Misumi Group Inc., Tokyo, Japan)
which is fixed vertically at the top support. The linear slide is powered
by a brushless DC motor (maxon EC-max, Maxon Motor, Switzerland)
connected to a 24 V power supply. The manipulator with a permanent
magnet at its tip is deflected by the magnetic field to control its direction.
To follow the path of particular curvature, the manipulator is turned by
an angle (θN ) by applying an actuation field of B = 20 mT at an angle
(ϕ), calculated using (3.21). The manipulator is steered with a polymer
sheath covering its body to show clinical feasibility, hence from (3.10) we

useKi = Ks
i +2Kf

i . Figure 3.8 illustrates the snippets of the video recorded
of controlled steering motion of the manipulator.

3.4.3 Ultrasound Visualization

In this section, steering of the manipulator using real-time ultrasound vi-
sualization is demonstrated. A channel of width 10 mm and curvature 45◦

is created inside a phantom made by mixing 8% (by weight) gelatin pow-
der (Technical grade, Boom B.V., The Netherlands) with distilled water.
The channel is filled with water and the manipulator with the permanent
magnet at its tip is inserted through it using the linear slide. The direc-
tion of manipulator is controlled by changing the orientation of magnetic
field which is provided by user input. The phantom is imaged using a 14
MHz multi-D matrix probe (14L5 transducer) connected to a 2D medical
ultrasound machine (SIEMENS AG, Erlangen, Germany). Fig. 3.8 shows
the snapshots from the ultrasound imaging of manipulator insertion.

3.4.4 Discussion

From the results of static experiments (Table 4.2), it is seen that Design
B has the highest error. This maybe due to its greater width of beam (w)
than the width of cut, which restricts the motion of the flexure. Design A
has a greater width of cut (wc) compared to the other two designs, which
allows it to achieve larger deflections. Design C has smaller width of beam,
which makes it more susceptible to deformation. These factors have to be
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1 mm1 mm

(a) (b)

Figure 3.9: Microscopic images of metallic tubes showing (a) accurately
machined flexures and (b) inaccurately machined deformed flexures.

taken into account for developing an optimized design.

It is also observed that there is a difference in bending curvature between
the two half cycles of motion of manipulator that is, the deflection in the +y
direction is different from that in the −y direction. This may be attributed
to the manipulator not being exactly straight in the neutral position, due
to errors in fabrication. When observed under a microscope, it is noticeable
that some of the flexures have buckled slightly, suggesting potential plastic
deformation (Fig. 3.9). This can be avoided by using a tube with a thicker
wall (increased t), so that the critical buckling load is higher. It is also
noticed that the tubes are bent out of the plane of motion, possibly due to
stresses during machining. These inaccuracies affect the expected motion
of the manipulator.

For magnetic actuation of the manipulator, the use of a permanent
magnet and magnetic sheath at its tip is tested (Fig. 3.2(c)). It is observed
that the deflection when using permanent magnet is higher than when using
magnetic sheath (Fig. 3.10). This is because of the low magnetic dipole
moment (µ) of the magnetic sheath. Therefore, the magnetic sheath is
incapable of producing large bends, and is restricted to angles below 30◦.
This can be improved by using a magnetic polymer sheath with a greater
magnetic dipole moment — using a magnetic powder with a higher residual
magnetic field or a higher ratio of powder to polymer. The polymer sheath
protects the flexures from the environment without restricting the motion
of the manipulator. For medical applications, the replaceable sheath can
potentially reduce tissue trauma during steering and can also simplify the
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Figure 3.10: Plot showing deflection (θ) of Design B with a permanent
magnet and a magnetic sheath for the experimental case of B = 20 mT,
ϕmax = 90◦.

sterilization process.

The distal force bearing capacity of the manipulator is also estimated for
potential applications in minimally invasive surgery (Appendix A.1). Three
loading conditions of bending, extension and compression are considered to
obtain the following values respectively for Design A: 151.67 N, 13.8 N, 2.45
N, Design B: 151.67 N, 22.42 N, 10.54 N, Design C: 206.83 N, 10.35 N, 1.92
N. It is found that the bending load is highest of the three, as failure occurs
only when the cylindrical wall of the manipulator breaks. The buckling load
is the leading potential cause of failure, and can be improved by increasing
the thickness of the tube. Another potential cause of failure caused by
cyclic loading on the flexures is fatigue. Titanium grade-2 has a fatigue
strength of 300 MPa at 107 cycles unnotched [297]. This stress value is
well above the maximum stresses calculated using (4.3) for our designs,
which are within 120 MPa. Note, it is difficult to estimate the lifetime of
the flexure. Besides material properties, fatigue failure also depends on the
machining process, surface quality and operating environment. However,
the steering of the manipulator is not expected to generate alternating
stresses with large amplitude, suggesting that fatigue failure will not be a
significant factor in the design process.
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3.5 Conclusions and Future Work

In this chapter, the design of a monolithic metallic compliant continuum
manipulator of diameter 3 mm is presented. The performance of the ma-
nipulator is evaluated by actuating with a magnetic field up to 20 mT using
Helmholtz coils. The three designs, Design A with highest width of cut (55
µm), Design B with highest width of beam (65 µm), and Design C with
lowest length of beam (1.1 mm) are tested. The maximum deflection ob-
served is 54◦ for Design A, while Design B and Design C achieved 36◦ and
40◦ bends, respectively. The mean error over three designs in modeling
the in-plane position and orientation of the manipulator tip are (1.2 mm,
2.6 mm) and 5.1◦, respectively and for whole shape of the manipulator is
1.2 mm. The manipulator steering experiment proves accurate guidance
of a manipulator along a path of known curvature using open-loop actu-
ation. The real-time ultrasound visualization of the manipulator inside a
gelatin phantom through a water medium shows its clinical feasibility as a
steerable surgical manipulator. Contactless actuation of the manipulator
is demonstrated by using magnetic field, eliminating the need for a force
transmission mechanism. The monolithic design with a small permanent
magnet enables easy miniaturization for application as a steerable manip-
ulator in minimally invasive surgical procedures.

In future work, we plan to improve the fabrication process of the ma-
nipulator and improve the accuracies in machining. A two-axis bending
design of manipulator will be fabricated to validate the concept of spatial
bending. The upgraded design will be tested for higher deflection (> 90◦).
Potential applications in endocopsy, biopsy, and ablation will be explored
by enhancing the functionality of manipulator. This will be done by embed-
ding additional surgical tools (such as scalpel, retractor, curette, forceps,
or scissors) and related sensors (like camera, laser cautery fiber, light, or
optical fibers) within its hollow interior. The manipulator steering process
will be improved by enabling rotation of the manipulator during insertion.
This will be demonstrated in a clinically-relevant scenarios such as animal
tissue or human cadaver studies.
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4
Design, Sensing, and Control of a Mag-

netic Compliant Continuum Manipula-

tor

Note: The following chapter is adapted from the article “Design, Sensing,
and Control of a Magnetic Compliant Continuum Manipulator” by T. L.
Thomas, J. Sikorski, G. K. Ananthasuresh, V. Kalpathy Venkiteswaran,
and S. Misra, published in “IEEE Transactions on Medical Robotics and
Bionics”, vol. 4, no. 4, pp. 910-921, November 2022.
The chapter has been reformatted in terms of figures and tables to fit this
doctoral thesis. No changes to the technical contents of this peer-reviewed
manuscript have been made.

Authors’ Contributions: T. L. Thomas performed the analysis for fab-
rication of the manipulator, designed and assembled PaCMag - electro-
magnetic setup, carried out the experiments, derived quasi-static model,
performed the closed-loop control analysis, and interpreted the results. J.
Sikorski contributed to the hardware and software integration of PaCMag
and developed the FBG shape reconstruction model and observer-based fu-
sion method. V. Kalpathy Venkiteswaran contributed to the design of the
manipulator and PaCMag, helped with analysis and supervised the project.
G. K. Ananthasuresh conceived the original design of manipulator and con-
tributed to the analysis. S. Misra helped shape the research and supervise
the overall project. T. L. Thomas wrote the manuscript in consultation
with all the authors.
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Manipulator

Abstract

Continuum manipulators coupled with magnetic actuation have great po-
tential as steerable instruments for diverse surgical applications. They can
be maneuvered inside the human body to reach difficult-to-access surgical
sites with contactless actuation. This chapter presents a new design of a
compliant continuum manipulator of diameter 3 mm and length 70 mm,
capable of spatial bending under magnetic actuation. A quasi-static model
is developed to estimate the 3D motion of the manipulator. Experiments
report an overall mean error in whole shape estimation of the manipulator
between the model and the ground truth of 1.7 mm and 4.8 mm, when sus-
pended vertically and horizontally from its base, respectively. Furthermore,
fiber Bragg grating (FBG) sensors are integrated with the manipulator to
enable shape sensing. Closed-loop control is demonstrated to trace differ-
ent trajectories with the tip of the manipulator. A square trajectory and a
straight line trajectory are generated with an average error in tip position
of 4.1 mm between the desired and estimated positions. The potential of
the manipulator as a steerable instrument is validated by maneuvering it
inside phantoms of a bifurcating arterial system and a heart with visual
guidance from a miniature camera.

4.1 Introduction

Continuum manipulators have seen tremendous growth over the last few
decades in various surgical applications such as laparoscopy, colonoscopy,
neurosurgery and robot-assisted surgery among others [13]. A continuum
manipulator is a continuously curving robotic device with several degrees
of freedom (DoF). Miniaturized continuum manipulators can be designed
to control their shape in 3D space and precisely steer inside the human
body to reach difficult-to-access surgical sites. Recent advancements in the
design of compliant mechanisms have resulted in various miniaturized flex-
ible continuum manipulators with a wide range of motion [298]. Notched-
tube compliant joint mechanisms in particular have gained significance in
enhancing DoF and dexterity. Flexible manipulators having different pat-
terns of triangular, rectangular and asymmetric notches have been explored
to operate in single-port access surgeries [116], [206]. Such manipulators
are known to have reduced stiffness and require careful optimization of the
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notch pattern to operate in confined spaces [44].

Accurate modelling of continuum manipulators is important in precisely
maneuvering the manipulator to the surgical site. Constant curvature ap-
proximation is a commonly applied framework for continuum robots, but
it can be challenging due to the error propagating from variable curva-
ture robot shapes [49]. Cosserat-rod is a geometrically-exact model more
generally used for soft manipulators, however it can be difficult to imple-
ment as it involves solving partial differential equations [299]. By contrast,
rigid-link modelling is a simplified approach for approximating continuum
manipulators with multiple DoFs as concatenated rigid links and flexible
joints using well-established kinematic and dynamic models [300].

A common method of controlling continuummanipulators is using cable-
driven actuation. Examples include commercially available systems like
the Sensei X Robotic Catheter System by Hansen Medical Inc. (Califor-
nia, U.S.) and ViaCath system by BIOTRONIK (Berlin, Germany) [301].
Such systems require energy transfer through tendon coupling and can suf-
fer from backlash and hysteresis. Recently, magnetic actuation is gaining
interest in creating miniaturized manipulator designs as it enables manip-
ulator control without the need for cables or tendons [37]. For instance,
a 4 mm flexible catheter (NaviStar-RMT, Biosense Webster, Inc., Califor-
nia, USA) integrated with small permanent magnets, controlled using the
Niobe magnetic navigation system (Stereotaxis Inc., Missouri, USA) and a
motor drive (Cardiodrive, Stereotaxis, Inc., USA) is a leading technology
for cardiovascular interventions [38]. Kratchman et al. demonstrated 3D
tip trajectory planning of a magnet-tipped rod using Kirchoff elastic rod
model in open-loop [302]. Model-based closed-loop control has been stud-
ied by many researchers using feedback of actuating wrenches [48], [52].
For instance, the first 3D closed loop control of a magnetic catheter was
demonstrated by Edelmann et al. using Cosserat-rod model, however an
external camera-based localization was implemented which is not clinically
feasible [290].

Sensing the 3D shape of the manipulator in real-time while operating
inside the body is quite challenging. Computed tomography (CT), mag-
netic resonance imaging (MRI) and ultrasound (US) imaging are widely
used clinical imaging modalities for catheter tracking. However, these tech-
niques have some limitations: CT leads to excessive X-ray exposure, MRI
is not compatible with magnetic actuation and US has limited resolution
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inside the body [57]. Several studies have shown the virtues of using fiber
Bragg grating (FBG) sensors in shape reconstruction of flexible medical
instruments [303]–[305]. Optical fibers inscribed with FBG sensors are free
from electromagnetic interference, thin, highly flexible and can be seam-
lessly integrated with medical instruments [58].

A new design of a monolithic metallic compliant manipulator capable of
planar bending was presented in our previous proof-of-concept study [110].
This chapter presents a novel design capable of spatial bending of the ma-
nipulator under magnetic actuation. This work validates the efficacy of the
manipulator as a steerable surgical instrument with improved shape sensing
and visualization capabilities over the previous study. The monolithic ma-
nipulator has a notched pattern of flexures with built-in mechanical motion
constraints that limit the maximum stress in the flexures. A quasi-static
model that uses rigid-link modelling is proposed to study the 3D motion
of the manipulator when subjected to magnetic fields. Static experiments
are conducted with the manipulator in an electromagnet setup (PaCMag),
to analyse the proposed model. The shape sensing of the manipulator is
improved by integrating an optical fiber inscribed with FBG sensors within
the manipulator. A closed-loop control strategy is demonstrated in PaC-
Mag to trace different trajectories with the tip of the manipulator. An
observer-based fusion algorithm that fuses the tip pose information from
the model and FBG sensors serves as feedback for the controller. The sen-
sor fusion algorithm does not require external imaging like cameras or US
imaging to estimate the tip pose of the manipulator [306], [307]. It has
potential to offer a real-time visualization alternative to CT using X-rays.

The miniaturized manipulator presented is fabricated using a single
tube of titanium, unlike most other manipulator designs reported in the
literature that require assembly. The mechanical motion constraints in the
design leads to distributed compliance, resulting in a safe manipulator by
preventing the flexures from failing under stress. A comprehensive quasi-
static model of the manipulator is developed which accounts for multiple
DoFs, motion constraints, gravity and torsion. The 1 mm working chan-
nel of the manipulator enables integration of additional tools and sensors.
The clinical feasibility of the manipulator is studied by carrying out exper-
iments using a miniature camera (0.91 mm diameter) in phantom models
of a bifurcating arterial system and a heart. Magnetic steering of the ma-
nipulator integrated with a miniature camera as feedback shows potential

74

4



i
i

“output” — 2023/3/13 — 10:57 — page 75 — #91 i
i

i
i

i
i

4.2 The Compliant Continuum Manipulator

as a steerable catheter for endoscopy and ablation.

The rest of the chapter is structured as follows: Section 4.2 begins with
the description of the design and fabrication process of the manipulator.
Section 4.3 introduces the quasi-static model developed to study the mo-
tion characteristics of the manipulator under magnetic actuation and is
followed by the description of the test setup. Section 4.4 details the three
set of experiments with the manipulators comprising of static experiments,
closed-loop control, and phantom study. The inference and discussion on
the results of the experiments are given in Section 4.5. Finally, Section 4.6
concludes the chapter with a summary of this study and provides recom-
mendations for future work.

4.2 The Compliant Continuum Manipulator

The compliant continuummanipulator is made by making cuts on a metallic
tube to form two series of flexure pairs along the length of the tube. The
two flexure pair series are oriented at 90◦ circumferential separation. The
direction of cuts of one flexure pair series is reversed with respect to the
other to make a compact design as shown in the isometric view of the
manipulator in Fig. 4.1(a). Each flexure pair forms an elastic rotational
joint that enables bending of the manipulator about the axis perpendicular
to the longitudinal axis and the width of the flexure. A combination of
the two series of flexure pairs oriented orthogonal with respect to each
other results in the two-axis bending design. The range of motion of each
flexure is physically constrained by the design geometry which also limits
the maximum stress in the flexure to prevent failure.

4.2.1 Design

The design of the manipulator is shown in Fig. 4.1(a). It consists of two
series of N flexure pairs distributed with 90◦ circumferential separation
along the length (L) of the manipulator. The tube of the manipulator has
inner radius (r) and outer radius (R). Each flexure is a thin plate of length
(l), width (w) and thickness (t = R− r).

For design purposes, only the primary bending direction of the flexure
is considered in the stress analysis as it is the predominant contributor to
the stress. The total deflection of the manipulator is determined from the
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resultant sum of the deflections of each flexure pair (θmax
i ) while bending.

In this design, θmax
i is limited by the width of the cut. It can be computed

from geometry by assuming the axis of rotation is at the centre of the
flexure. As shown in Fig. 4.1(d), point A in the wall of the manipulator
makes first contact with the adjacent wall at point B. θmax

i is computed
geometrically by the angle subtended by AB at the axis of rotation passing
through O. Thus, the maximum deflection of the manipulator is calculated
as follows

θmax = Nθmax
i . (4.1)

For safe operation of the manipulator without failure, the manipulator
is designed such that the stress in each flexure does not exceed the yield
stress of the chosen material (σy). Each flexure (i) experiences a maxi-
mum moment (Mmax

i ) at a maximum deflection (θmax
i ) with respect to the

preceding flexure (i− 1) using Euler-Bernoulli beam theory [308] given by

Mmax
i =

EI

l
θmax
i , (4.2)

where E is the elastic modulus of the material and the second moment of
area of the flexure’s cross section (I) given by I = w3t/12. The maximum
stress in the flexure (σmax) and the factor of safety (FoS) is expressed as
follows

σmax =
Mmax

i w

2I
=
Eθmax

i w

2l
, (4.3)

FoS =
σy
σmax

. (4.4)

Furthermore, the critical load for buckling (Pcr) is calculated using Eu-
ler’s formula as follows:

Pcr =
π2EI

l2
. (4.5)

This is the maximum axial load that the manipulator can safely carry
without buckling. Similarly, the load capacities for bending and extension
can also be calculated based on our previous work [110]. Bending will be
the dominant effect and failure due to bending will only occur with fracture
of the wall of the manipulator.
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Table 4.1: Design parameters for two-axis bending designs of short manip-
ulator (N = 9) and long manipulator (N = 21) as shown in Fig. 4.1(a),
where N is the the number of flexures. Load capacity for bending (Fbend),
extension (Fext), compression (Pcr), and factor of safety (FoS) are also
given.

Design Parameters Load Capacity

L 30 mm Fbend 171.71 N
l 1.55 mm Fext 41.4 N
w 60 µm Pcr 15.52 N
wc 40 µm FoS 7.13
ψ 100◦

4.2.2 Fabrication

The manipulator is fabricated using a Titanium (grade-2) tube of outer
and inner diameters of 3 mm and 1 mm, respectively. Titanium (grade-2)
is chosen as the material as it has high ratio of yield strength to elastic
modulus (σy = 345 MPa and E = 105 GPa) and low weight ratio. It
is biocompatible and magnetically transparent. A series of flexure pairs
is created along the length of the manipulator by making cuts using wire
electrical discharge machining (EDM). Two manipulators of length 70 mm
and 30 mm, henceforth known as the “long manipulator” and “short ma-
nipulator”, respectively are fabricated as shown in Fig. 4.1(b) with design
parameters and load capacities given in Table 4.1. Prior to fabrication,
a segment of the manipulator was analysed using finite element software
(COMSOL Multiphysics 5.4). It was modelled using tetrahedral elements
with minimum and maximum element size of 0.024 mm and 0.33 mm, re-
spectively, in a stationary solid mechanics study. As shown in Fig. 4.2,
the top end was constrained and the moment (2Mmax

i = 5.8 x 10−5 Nm,
because of two flexures) was applied to the bottom end about the two axes
perpendicular to the longitudinal axis of the segment. This resulted in a
maximum stress in the flexure of 50.9 MPa, which was validated with the
stress calculated from the modelling approach Eqn. (4.3) giving 48.3 MPa
with a factor of safety of 7.13.
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4.3 Magnetic Actuation and Test Setup

Figure 4.2: Stress analysis of a single segment of the two-axis bending
design using finite element software (COMSOL Multiphysics 5.4).

4.3 Magnetic Actuation and Test Setup

The manipulator is actuated using magnetic fields by means of a permanent
magnet attached to its tip (Fig. 4.1(b)). The manipulator is modelled
using a rigid-body model to determine its configuration under the influence
of external magnetic fields [293].

4.3.1 Quasi-Static Model

For the purposes of analysis, it is assumed that the manipulator undergoes
quasi-static motion. The rigid-body model of the manipulator consists of
N segments (Fig. 4.3). Each segment (Sk) taken in isolation is in static
equilibrium with a load (Wk ∈ R6) at its end. Each segment is composed
of two orthogonally oriented flexure pairs. Each flexure pair is modelled
as a spherical joint having three DoFs, with the axis of rotation located
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at the center of the flexure pair. Two DoFs correspond to the primary
and auxiliary bending directions of flexure which are about the two axes
perpendicular to the longitudinal axis, and the third DoF is due to the
torsion about the longitudinal axis. Therefore, each segment consists of
two spherical joints (i ∈ {2, 3}) at two points (ri ∈ R3) connecting three
rigid links of given length (li ∈ R+, where i ∈ {1, 2, 3}). The three DoFs of
the spherical joint (i) are the three rotational angles about x, y and z axes
(αi, βi, γi ∈ S). The corresponding rotational stiffnesses (Kαi ,Kβi

,Kγi ∈
R+) are calculated by approximating the flexure pair as two thin plates in
parallel configuration, which gives

Kβi
=

2EIyi
l

,Kγi =
2EIzi
l

,Kαi =
2GJx

i

l
, (4.6)

where E and G are the Young’s modulus and shear modulus of the material.
The second moment of area (I∗i ) and the polar moment of inertia (J∗

i )

of the flexure pair (i) with the respective axes (*) are Iy2 = Iz3 = w3t
12 ,

Iz2 = Iy3 = wt3

12 and Jx
i = Iyi + Izi , where l, w and t are the length, width

and thickness of the flexure, respectively.
The internal joint torque (τ ∈ R6) of the rigid-body model is given by

τ =
[
Kβ2β2 Kγ2γ2 Kα2α2 Kβ3β3 Kγ3γ3 Kα3α3

]T
. (4.7)

The load wrench (W ∈ R6) acting at the end of the segment (r4 ∈ R3) in
the spatial reference frame is defined as

W =

[
F
M

]
+

[
03×1

r4 × F

]
, (4.8)

where force (F ∈ R3) and moment (M ∈ R3) are associated with internal
load (gravity) and external load (actuation). For static equilibrium, the
following equation holds

τ = (JΘ)TW , (4.9)

where JΘ ∈ R6×6 is the spatial manipulator Jacobian. Please refer to
Appendix A.2 for the detailed derivation. The above equation is a set of
six nonlinear algebraic equations which can be solved to obtain the six
DoFs (αi, βi, γi, where i ∈ {2,3}) of a segment of the manipulator. This
formulation can be extended for the entire manipulator having N 6-DoF
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4.3 Magnetic Actuation and Test Setup

Figure 4.3: A schematic of the quasi-static model of the manipulator made
of N segments. Each segment is made of two flexure pairs, which are
modelled as thin plates forming two spherical joints. Each spherical joint
has three degrees of freedom (3-DoF) with three successive rotations R(β),
R(γ) and R(α), about x, y and z axes, respectively. The manipulator is
fixed at one end and subjected to a load (W) at its end. Each segment (i)
is in static equilibrium with a load (Wi) at its end.

segments with N loads acting at the respective ends. The static equilibrium
equations for the entire manipulator using the rigid-body model are given
by 

τ1
τ2
...
τN

 =


(JΘ1)

T (JΘ1)
T . . . (JΘ1)

T

0 (JΘ2)
T . . . (JΘ2)

T

...
...

. . .
...

0 0 . . . (JΘN
)T



W1

W2

...
WN

 , (4.10)

where τk, JΘk
, and Wk are the internal torques, Jacobian matrix and

wrench associated with segment (Sk), respectively. Solving the above N×6
system of equations gives the displacement of each flexure pair of the ma-
nipulator, and the position and orientation of the manipulator can be cal-
culated using forward kinematics (Appendix A.2).
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Linear Stage

Cameras

Coil pair 1

Coil pair 2

Coil pair 3 Long Manipulator
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Miniature camera wire
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Short Manipulator
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z
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Figure 4.4: PaCMag — an electromagnetic setup used for generating mag-
netic fields. The inset shows the insertion of the manipulator into a bifur-
cating arterial phantom using a linear stage.

4.3.2 Test Setup

The actuation of the manipulator is achieved using a magnetic actuation
setup (PaCMag) as shown in Fig. 4.4. PaCMag consists of three pairs of
electromagnetic coils which are situated orthogonal to each other to gener-
ate magnetic fields in 3D space. The two coil pairs except for the coil pair
1 do not conform to the configuration of a Helmholtz coil pair. A magnetic
field model for PaCMag is formulated based on Cartesian multipole ex-
pansion of a scalar potential that uses measurement-informed least squares
optimization [309]. The current (I ∈ R3) to field (Bm ∈ R3) mapping is
given by

Bm(p, I) = β(p)I , (4.11)

where β(p) ∈ R3×3 is the unit-current field for position (p ∈ R3) in PaC-
Mag’s reference frame. The inverse field map calculates the required cur-
rents to generate the magnetic field at any given position. The current in
each coil pair is controlled by Xenus XE2-230-20 amplifiers (Copley Con-
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trols, Canton, USA). Each coil pair can independently generate a maxi-
mum magnetic field of 55 mT along its axis at the center of the workspace.
PaCMag offers a cylindrical workspace of equal radius and height (65 mm).
PaCMag is also equipped with two cameras placed orthogonal to each other,
thus forming a stereo vision system to monitor the workspace.

Experiments with the long manipulator are performed by suspending
it in the workspace of PaCMag. The base of the manipulator is fixed to
a 3D printed support. N48 neodymium ring magnets (outer diameter =
4 mm, inner diameter = 1.5 mm, thickness = 1 mm, mass = 0.08 g and
magnetic dipole moment = 0.012 Am2) are attached to the end of the
manipulator. Closed-loop control of the manipulator is performed with the
integration of FBG sensors. A multi-core fiber inscribed with FBG sensors
is used for this study [55] (Fig. 4.7). The multi-core fiber enclosed within a
Hytrel furcation tubing (0.9 mm) is inserted into the 1 mm hole of the long
manipulator. Additionally, an FBG-Scan 804D interrogator is installed to
record the FBG sensor data.

To show clinical feasibility, experiments are conducted in 3D printed
phantoms of a bifurcating arterial system and a heart. The manipulator
is inserted using a linear slide (LX20, Misumi Group Inc., Tokyo, Japan),
which is fixed horizontally at the base support. A miniature camera of
0.91 mm diameter (Misumi Electronic Corporation, Taiwan) integrated
into the 1 mm hole of the manipulator, is used as guidance to steer the
manipulator.

4.4 Experiments and Results

This section presents the details of the different experiments carried out
with the long and short manipulators. The first set of experiments is con-
ducted to study the motion characteristics of the long manipulator un-
der magnetic actuation. The second set of experiments demonstrates the
closed-loop steering of the manipulator using tip pose feedback obtained
from a sensor fusion algorithm. The final phase of the study comprises two
experiments to show clinical feasibility. The combination of long and short
manipulators is tested in 3D phantoms of a bifurcating arterial system and
a heart guided by a miniature camera within the manipulators’ working
channel.
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4.4.1 Static Experiments

Static experiments are performed inside PaCMag by suspending the long
manipulator in two configurations: horizontally and vertically from its base.
Two and three ring magnets are attached to the tip of the manipulator
for the experiments in vertical and horizontal configurations, respectively.
Time-varying magnetic fields are applied to generate different trajectories
with the tip. A stereo vision setup is implemented to capture the shape
of the manipulator based on 3D point cloud information followed by a
fourth order 3D polynomial fitting along the length of the captured voxels
of the manipulator [306]. Furthermore, the quasi-static model detailed in
Section III-A is used to estimate the shape of the manipulator. The mean
and standard deviation of errors between the quasi-static model and stereo
vision data are presented in Table 4.2. It shows the error in position of the
tip of the manipulator and the mean whole shape estimation error which
is calculated as the average of error in the position of N segments of the
manipulator. The plots of the mean whole shape estimation error and the
position of the manipulator tip are shown in Fig. 4.5. The overall mean
error in whole shape estimation between the model and stereo vision in
vertical and horizontal configurations are 2 mm and 4.8 mm, respectively.

4.4.2 Closed-Loop Control

This study presents the closed loop control of the tip of the manipulator in-
tegrated with FBG sensors to trace different trajectories. The manipulator
with two ring magnets at its tip is suspended horizontally in PaCMag and
is subjected to magnetic torques. A proportional-integral (PI) controller is
implemented to trace a desired trajectory with the tip of the manipulator
as follows. Firstly, the pose of the manipulator tip is calculated using the
quasi-static model. Additionally, the shape reconstruction technique with
FBGs based on Bishop frames is used to calculate the pose of the manipu-
lator tip [55]. Secondly, an observer-based fusion algorithm using Kalman
state estimators fuses the aforementioned calculated poses from the quasi-
static model and FBG model to obtain the estimated pose of the manipu-
lator tip [307]. Thirdly, the torque necessary to correct the error between
the estimated pose and desired pose of the manipulator tip is determined
using a PI controller. The corresponding magnetic field is calculated using
the torque and the estimated pose of the manipulator tip, that is, the ring
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Table 4.2: Results of static experiments in vertical and horizontal configu-
rations for different tip trajectories: square and line with slope in yz-plane
(m) of the long manipulator with maximum strength of magnetic field
(Bmax), the error between quasi-static model and stereo vision models for
position (∆x,∆y,∆z) of the manipulator tip, and mean whole shape error
(∆d̄) are shown in terms of mean values and standard deviation (in brack-
ets).

Tip trajectory Bmax (mT) ∆x (mm) ∆y (mm) ∆z (mm) ∆d̄ (mm)

Vertical Configuration
Square 15 0.8 (0.6) 2.1 (1.4) 2.9 (1.4) 2.0 (0.5)
Square 10 0.7 (0.5) 2.0 (0.9) 2.3 (1.5) 1.8 (0.4)

Line: m = ∞ 20 1.1 (0.5) 2.3 (1.1) 2.5 (1.2) 1.9 (0.3)
Line: m = 0 20 0.6 (0.4) 1.9 (1.3) 2.3 (1.1) 1.6 (0.2)
Line: m = -1 20 0.7 (0.6) 1.7 (0.8) 1.9 (1.2) 1.6 (0.3)
Line: m = -1 15 0.8 (0.6) 1.5 (0.9) 1.9 (1.3) 1.5 (0.3)

Horizontal Configuration
Square 40 3.9 (2.1) 8.5 (5.8) 5.4 (4.6) 4.5 (1.6)
Square 25 4.0 (2.8) 10.5 (5.7) 5.8 (5.8) 5.4 (1.8)
Square 20 3.8 (2.5) 12.7 (5.3) 7.1 (5.6) 5.8 (1.6)

Line: m = 0 30 1.6 (1.5) 6.9 (5.7) 5.5 (4.8) 4.6 (1.2)
Line: m = 0 20 1.2 (0.9) 4.8 (1.9) 7.3 (4.2) 4 (1.1)

magnets. Lastly, the inverse field map of PaCMag computes the required
current which is supplied to the coils. The actuated manipulator is tracked
by the stereo vision setup during the whole process. The pose measured by
the stereo vision setup serves as the ground truth for the study. Fig. 4.6 is
a block diagram summarizing the closed-loop control system.

4.4.2.1 FBG Shape Reconstruction

This section outlines the shape reconstruction technique using the multi-
core fiber with FBG sensors integrated into the manipulator. Fig. 4.7
shows a schematic of the fiber. Four cores of the fiber, each with four
FBG sensors are used for shape reconstruction of the manipulator. The
fiber is modelled as a regular unit-speed space curve in 3D space defined
by curvature vectors and Bishop frame equations. The curvature vectors
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are calculated at the four FBG sensor sets using the strains computed
from FBG wavelength measurements. Subsequently, the Bishop frame is
used to derive the curve. Consequently, the pose of the manipulator tip is
determined using the reconstructed shape of the manipulator. More details
on this derivation can be found in the previous work [55].

Following the reconstruction technique, the fiber enclosed inside the
manipulator is calibrated for this study by using data points obtained from
open-loop experiments. The FBG shape reconstruction is registered with
the ground truth shape obtained from the stereo vision. Fig. 4.7(b) shows
the reconstructed tip position of the FBG sensors, quasi-static model and
stereo vision. The overall mean error in tip position estimation between the
FBG sensors and stereo vision is 4.86 mm and that between the quasi-static
model and stereo vision is 6.86 mm.

4.4.2.2 Observer-based Fusion

To improve the accuracy of the estimated pose of the manipulator tip,
the pose data from the quasi-static model and FBG sensors are fused.
The fusion of position and orientation of the manipulator tip are done
separately using an observer-based sensor fusion algorithm in conjunction
with Kalman state estimators. The estimated pose of the manipulator is
obtained from the fused position (pest ∈ R3) and orientation (θest ∈ S3)
computed as follows

x̂k+1|k+1 = x̂k+1|k +Kk+1

[
y(k)−Cdx̂k+1|k

]
, (4.12)

where x̂k|k is the estimate of x̂ at time instant k given observations up to
and including at time k, Kk+1 is the optimal Kalman gain, y(k) is the
measurement data from the model (pModel ∈ R3 and θModel ∈ S3) and
FBG sensors (pFBG ∈ R3 and θFBG ∈ S3) at time k, and Cd belongs to
the disturbance dynamics measurement. More information on the above
formulation is detailed in Appendix A.3 and can be found in the previous
work [307].

4.4.2.3 Proportional-Integral Control

The manipulator is actuated to follow a desired tip trajectory by imple-
menting a PI controller. The controller is designed to control the orienta-
tion of the manipulator about two axes (θy and θz), since no torque can
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Figure 4.7: (a) A schematic of the multicore fiber with fiber Bragg grating
(FBG) sensors integrated with the long manipulator. The side view depicts
the four cores in blue, each with four FBG sensors in red. The section view
depicts the orientation of the cores and the longitudinal view outlines the
the spacing of the FBG sensors in the fiber. (b) Plots of manipulator
tip position obtained from FBG shape reconstruction (FBG), quasi-static
model (Model) and stereo vision (Vision) after calibration.
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be produced about the axis parallel to the direction of the magnetic dipole
(µest). The torque (τ ∈ R3) necessary to minimize the error (e ∈ S3) be-
tween the desired tip orientation (θdes ∈ S3) and estimated tip orientation
(θest ∈ S3) is calculated as follows

τ̇ = KP e+

∫
KI edt , (4.13)

where e = θdes − θest, KP and KI are the PI gains. The corresponding
magnetic control torque (τ ) is obtained by the numerical integration of τ̇ .
The associated magnetic field (B) is determined for the current estimated
magnet orientation (θest) using the inverse of the equation below

τ = µest ×B , (4.14)

where µest is the estimated magnetic dipole moment. The obtained mag-
netic field (B ∈ R3) is transformed to the reference frame of PaCMag
(Bm ∈ R3) in order to find the necessary current to be supplied by the
coils. In this way, the inverse field map using Eqn. 4.11 calculates the
required currents to generate the magnetic field (Bm) at the current esti-
mated position (pest) of the manipulator tip.

4.4.2.4 Results

Closed-loop control of the manipulator tip traces two trajectories: square
and straight line. The poses of the manipulator tip calculated by the FBG
sensors, quasi-static model, fusion and the stereo vision, and the applied
magnetic torques are recorded during the experiment as plotted in Fig. 4.8.
For the square and straight line trajectories, results show the average errors
between the desired and estimated positions from fusion of 5.3 mm and 2.9
mm, respectively and that between the desired and stereo vision measured
positions of 6.8 mm and 6.7 mm, respectively in position. The average
error between the desired and estimated orientations from fusion of the
square and straight line trajectories are 11.1◦ and 4.8◦, respectively. The
tip orientation control implemented has a control frequency of 6.5 Hz.

4.4.3 Phantom Study

These experiments demonstrate the maneuverability of the manipulator
suspended in horizontal configuration inside two clinically relevant phan-
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4.5 Discussion

toms. A combination of the long and short manipulators forming a total
length of 100 mm is used to cover a larger workspace. Two ring magnets
are attached to its tip. The manipulator is inserted using a linear stage
and steered in 3D by rotating the magnetic field to create different shapes
and maneuver to target locations. A miniature camera integrated into the
manipulator provides the visualization of the environment to navigate the
manipulator in a clinically-relevant manner.

In the first experiment, the manipulator is accurately guided inside the
undulating tapered channels of a bifurcating arterial phantom. The exper-
iment is performed by positioning the phantom in vertical and horizontal
orientations as shown in Fig. 4.9 (a-b). In the second experiment, the
maneuverability of the manipulator is tested inside a heart model. The
manipulator is inserted through the aortic valve and is guided to reach
three targets locations in the left ventricle (Fig. 4.9(c)). By incorporating
the miniature camera and increasing the length of the manipulator, these
experiments demonstrate the steerability of the manipulator without rely-
ing on an external imaging system. Please refer to the supplementary video
for demonstration of the experiment results.

4.5 Discussion

The monolithic design of the manipulator makes it easy to fabricate from
a single tube of titanium without requiring assembly. The 1 mm hollow
interior channel offers room for embedding sensors to enhance its function-
ality. The flexure pair deflection is limited by the contact between the
adjacent walls. The stress experienced by the flexures is below the de-
signed threshold. This has led to a reliable and safe design without any
noticeable plastic deformation even after repeated testing, as compared to
the single-axis bending designs previously fabricated [110]. However, the
maximum deflection of the long manipulator is observed to be 40◦. The de-
flection can be increased by eliminating the contact between adjacent walls
and enabling deflection until the flexures make contact with the adjoin-
ing wall. This redesign will require further optimization of the associated
design parameters (l,w,wc,ψ) of the manipulator.

Results of the static experiments with the long manipulator show that
the quasi-static model is more accurate in the vertical configuration than
the horizontal configuration experiments. This could be due to the dif-
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ference in the effect of gravity. In vertical configuration, all the flexures
experience gravity in the same direction, while in horizontal configuration
the two sets of flexure pairs in the orthogonal planes experience gravity
in different (local) bending directions. Therefore, in the subsequent closed-
loop control demonstration, the manipulator was fixed at the base such that
the flexure pairs are oriented 45◦ with respect to the direction of gravity
for uniformity.

FBG sensors are introduced into the long manipulator to improve shape
estimation of the manipulator. The accuracy of the FBG shape reconstruc-
tion is limited by the small curvature of the manipulator measured by only
four sets of FBG sensors. The twisting of the fiber relative to the manipu-
lator could also be a cause of error, since the fiber is only secured at its base
and inserted in the hollow channel of the manipulator. The stereo vision
system used as ground truth is also prone to calibration error. Owing to
the large length to diameter ratio of the manipulator, some distortion is
observed in the images captured by the cameras.

The calibration results for shape sensing indicate that the tip posi-
tion estimation using either the FBG sensors or the quasi-static model
have errors greater than 3 mm (diameter of the manipulator) as shown in
Fig. 4.7(b). It is observed that the FBG shape reconstruction underesti-
mates the curvature and the quasi-static model overestimates the curva-
ture. Therefore, an observer-based sensor fusion algorithm is implemented
to improve the sensing results. This approach has been found to be the
best among other multi-sensor fusion algorithms of unscented Kalman fil-
ter, Luenberger and Kalman state estimators investigated in our previous
work [307], [310], [311].

For closed-loop control, orientation control of the manipulator tip (θy, θz)
is chosen over position control, since position control becomes computation-
ally expensive using the Jacobian of the manipulator. This can be simplified
by reducing the DoFs per segment in the quasi-static model, as the deflec-
tion due to torsion and auxiliary bending are not significant compared to
primary bending deflection. Although the shape reconstruction using FBG
sensors works reasonably well in open-loop (Fig. 4.7(b)), noise is observed
during closed-loop (Fig. 4.8). This could be attributed to the low stiffness
of the flexures which influences the dynamics of the manipulator during
closed-loop motion, which in turn affects the performance of the sensor fu-
sion algorithm. However, the controller follows the desired trajectory for
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the most part as inferred from the orientation plot of tip (Fig. 4.8). Higher
error is seen during the periods of motion with rapid transitions, like in
square trajectory when transitioning from one edge to another. Straight
line trajectory has relatively lower error due to the lower rate of changing
angles. Though all the experiments are conducted assuming constant room
temperature, temperature feedback can be added to the control system by
incorporating a temperature sensor. For example, an additional FBG sen-
sor can be embedded in the manipulator which does not experience any
strain and measures the temperature.

The phantom study is carried out by combining the long and short
manipulators in order to reach more locations in the workspace. The abil-
ity of the manipulator to be precisely steered through a bifurcating artery
phantom and reach specific target locations inside a heart phantom with
the guidance of a miniature camera demonstrates potential applications in
angioplasty, endoscopy and catheter ablation. The size of the manipulator
is comparable to the 6 – 10 Fr Magellan robotic catheters which are of
outer diameters 2 – 3.33 mm [312]. The maximum deflection of the com-
bined manipulator is limited to 57◦, whereas the bending angle of steerable
catheters can be between 45 − 180◦, up to 270◦ or even 360◦ depending
on the application. There is a definite need to improve the positioning
accuracy of the manipulator which is crucial in surgical procedures like
ventricular tachycardia, where multiple lesions can be found at adjacent
distances of the order of 5-10 mm [313].

4.6 Conclusions and Future Work

This chapter presents a new design of a monolithic compliant continuum
manipulator with a novel notched-tube pattern of flexures that ensures the
stresses experienced are within design limits. Two versions of manipulator
of lengths 70 mm and 30 mm capable of spatial bending up to 40◦ and 17◦,
respectively, are fabricated using a single titanium tube of diameter 3 mm.
The combination of the two can bend up to 57◦. A quasi-static model is
developed to study the 3D motion of the manipulator under magnetic ac-
tuation. Static experiments show overall mean errors between whole shape
estimated by the model and the ground truth of 1.7 mm and 4.8 mm, in
horizontal and vertical configurations respectively. In order to improve the
accuracy of shape estimation, an observer-based sensor fusion algorithm
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using Kalman state estimators is implemented with the integration of FBG
sensors. The fusion algorithm has potential in offering a real-time visu-
alization alternative to X-ray exposure during operation. Thereafter, a
closed-loop control strategy to trace a square and a straight line tip tra-
jectories is demonstrated, resulting in an average error between the desired
and estimated tip positions of 4.1 mm. The feasibility of the continuum
manipulator as a steerable catheter is studied by incorporating a minia-
ture camera within its working channel, to show potential applications in
endoscopy and catheter ablation. The accurate maneuvering of the ma-
nipulator in 3D to reach different target locations is demonstrated in two
clinically relevant phantoms of a bifurcating artery and a heart.

In future work, the design of the manipulator will be improved to
achieve higher range of motion (> 90◦). Fabrication of complex shape pro-
files of flexures will be explored using wire EDM, electrochemical etching
and laser cutting methods. Redesigning using a combination of segments
of the manipulators connected by magnets with different polarities will be
investigated. The dexterity and maneuverability will be improved by in-
corporating additional translation and rotational DoFs to the manipulator
during insertion. The positioning and steering accuracy will be addressed
by improving the shape sensing of the manipulator. Multiple FBG sen-
sors will be embedded more securely along the length of the manipulator,
and helical core fibers will be used to account for twist [314]. Control of
the manipulator in tandem with medical imaging techniques and human-
in-the-loop operation strategies will be explored. Further testing will be
carried out in ex-vivo animal studies.
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Preface

Variable stiffness mechanisms are part of a specialized area of research
within robotics that is receiving critical attention in recent years. The idea
of stiffness control in continuum manipulators provides an opportunity to
harness the best attributes of both soft and rigid bodied manipulators.
While rigidity provides stability, precision, and load bearing capacity, soft-
ness enhances flexibility and mobility for safe interactions with the environ-
ment. Literature research suggests variable stiffness mechanisms based on
antagonistic actuation, smart materials like shape memory alloys (SMAs)
and shape memory polymers (SMPs), grannular jamming, among others.
Although each of these mechanisms has certain advantages over another
when it comes to miniaturization and response time, a careful considera-
tion in terms of actuation stimuli is necessary in designing variable stiffness
manipulators. This part of the dissertation will propose two approaches in
which variable stiffness mechanisms can benefit specific surgical functions.

Chapter 5 introduces a magnetically-actuated variable stiffness robot
(VSR) with a sliding nitinol backbone. The synchronized retraction of the
backbone within the soft body of the VSR under magnetic actuation leads
to high deformation coiling action with a stiffness change factor of 765 and
a maximum deformation angle of 400°. The VSR is demonstrated to grasp
various objects in closed-loop using camera-based tracking as feedback.
Chapter 6 presents a new deployable variable stiffness manipulator (VSM)
based on SMP springs. The VSM exhibits variable stiffness and variable
bending curvatures at variable operating lengths. The shape locking ability
of the VSM has potential to act as a stabilizer in the deployment of surgical
tools. Applications of the VSM in endoscopy, biopsy and laser surgery are
demonstrated in combination with robotic magnetic actuation.
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5
A Magnetically-actuated Coiling Soft

Robot with Variable Stiffness

Note: The following chapter is adapted from the article “A Magnetically-
actuated Coiling Soft Robot with Variable Stiffness” by P. Lloyd∗, T. L.
Thomas∗, V. Kalpathy Venkiteswaran, G. Pittiglio, J. H. Chandler, P.
Valdastri and S. Misra, under review in “IEEE Robotics and Automation
Letters”, special issue on “Small-Scale Robots in the Medical Context, From
Modeling and Fabrication to Clinical Applications”, October 2022.
The chapter has been reformatted in terms of figures to fit this doctoral the-
sis. No changes to the technical contents of this peer-reviewed manuscript
have been made.

Authors’ Contributions: P. Lloyd and G. Pittiglio conceived the robot
design. P. Lloyd performed the design analysis and fabricated the robot. T.
L. Thomas carried out the experiments in PaCMag, developed the image
processing algorithm, performed the closed-loop control analysis and inter-
preted the results. P. Lloyd contributed to the experiments and interpreted
the results. V. Kalpathy Venkiteswaran aided in the experiments, analysis
and interpretation of the results. G. Pittiglio and J. H. Chandler provided
critical feedback. P. Valdastri and S. Misra supervised the overall project.
P. Lloyd and T. L. Thomas prepared the manuscript with input from all
the authors.

∗contributed equally to the work
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Abstract

Soft and flexible magnetic robots have gained significant attention in the
past decade. These robots are fabricated using magnetically-active elas-
tomers, are capable of large deformations, and are actuated remotely thus
allowing for small robot size. This combination of properties is appealing to
the minimally invasive surgical community, potentially allowing navigation
to regions of the anatomy previously deemed inaccessible. Due to the low
forces involved, one particular challenge is functionalizing such magnetic
devices. To address this limitation we introduce a variable stiffness robot
controlled by remote magnetic actuation, capable of grasping objects of
varying sizes. We demonstrate a controlled and reversible high deforma-
tion coiling action induced via a transient homogeneous magnetic field and
a synchronized sliding nitinol backbone. Our soft magnetic coiling grasper
is visually tracked and controlled in closed-loop during three experimental
demonstrations. We exhibit a maximum coiling deformation angle of 400◦.

5.1 Introduction

Soft magnetic robots, due to an inherent reduction in traumatic anatomical
forces, display the potential to supersede traditional mechanically-actuated
surgical catheters [315] [316] [317]. The ability of these robots to maneu-
ver through delicate and critical anatomy in a minimally invasive manner
is key to improving the feasibility and success of many treatments [13].
Magnetic actuation allows devices to be composed of softer materials as
forces and torques can be applied directly to embedded magnetic material
as opposed to lengthwise force transmission [290] [40]. Furthermore, this
class of rapid and clinically safe actuation eliminates the need for on-board
power transmission systems (such as electrical or pneumatic) allowing easy
miniaturization [318].

In order to introduce shape-programmability, magnetically-hard parti-
cles with high coercivity can be incorporated into mechanically soft mate-
rials capable of large deformations [319] [320] [321]. This system is capable
of creating complex time-varying shapes at small scales as magnetic field
control inputs can be specified in magnitude, direction and spatial gradient
[322]. Magnetic soft continuum structures can also be fabricated with a con-
tinuous lengthwise magnetization profile thus generating spatially resolved

102

5



i
i

“output” — 2023/3/13 — 10:57 — page 103 — #119 i
i

i
i

i
i

5.1 Introduction

Figure 5.1: Three representative instances taken from the Supplementary
Video (left) shown alongside a clinically relevant application - grasping for
removal of an excised stomach tumour (right). (A) The sliding nitinol
backbone is fully inserted (tip of backbone shown as yellow triangle on
the left and red overlay on the right) - the stiff region will not respond
to actuation. Magnetization (m) is shown here by purple arrows. (B)
The wire-frame is partially retracted allowing deformation of the “Flexible
Region”. This is actuated via a homogeneous magnetic field (B) shown
as the turquoise arrows. The “Stiff Region” retains its backbone support.
(C) The wire-frame is further retracted as the applied field is rotated. This
grasping pose would be unachievable without the sliding nitinol backbone.
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deformations [322]. A range of applications have been demonstrated us-
ing this approach [318] including, amongst other applications, autonomous
navigating catheters [40], cilia-like shape forming structures [322], unteth-
ered swimmers [321], shape forming catheters [323] [324], and untethered
grippers [325].

Softness represents a clear advantage for medical tools [326], however,
this can also be problematic when it comes to performing functional tasks.
As such, variable stiffness becomes a highly desirable feature such as the
magnetic catheter with conductive shape memory polymer demonstrated
in [327]. There are many approaches to achieve stiffening, most commonly;
geometric changes such as modifying the cross-sectional profile, elastic
changes such as phase transition or jamming and antagonistic actuation
[328]. The typical motive for stiffening in continuum robots, however, is to
shape-lock after actuation [329].

In this proof-of-concept work, we employ material variable stiffness in
the form of a sliding nitinol backbone which offers a stiffness change fac-
tor of close to 800. This movement is synchronistically controlled within
a closed-loop with a time-varying actuating field (Fig. 5.1) for the novel
purpose of constraining some proximal length of our robot against deforma-
tion whilst we actuate the remaining distal length (Fig. 5.2). This allows
us to apply otherwise unstable combinations of magnetization and actuat-
ing field to achieve a forward time marching deformation, fully dependent
on the previous pose. Consequentially, we generate a higher strain energy
equilibrium and achieve circular deformations greater than one full revolu-
tion.

We have applied this concept to the demonstrative example of coiling for
cargo grasping or delivery. There is a clinical appetite for soft, miniaturiz-
able retrieval and delivery systems for biopsy or therapeutic use [330] [331]
[332], and this innovation moves us towards the development of variable
stiffness for greater deformation potential under magnetic actuation.

The significant contribution of this work is the closed-loop actuation of
a potentially unstable magnetic robot with variable stiffness. Synchronized
actuation and variable stiffness combine to achieve stable, large deformation
shape forming. To prove the necessity of the inclusion of the sliding nitinol
backbone, we also demonstrate the unsuccessful actuation of the robot
without the inclusion of stiffening wires. This system is implemented in an
80 mm long, 10 mm x 2 mm cross-section tongue-like robot which grasps
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Figure 5.2: Schematic of the underlying design and actuation strategy. (A)
The elastomer is magnetized (m), shown as purple arrows, in the x-y plane
(shown in grey) in a spatially sinusoidal fashion along the length of the
x-axis. A temporally sinusoidal actuating field (B(t), turquoise arrows)
is applied (also in the x-y plane), as the nitinol rod backbone is with-
drawn (P(t), yellow arrow). (B) This controlled augmentation of the un-
constrained, and therefore lower stiffness, length of the VSR allows higher
strain energy states to be achieved. KME and KBB are the bending stiff-
ness of the magnetic elastomer and the nitinol backbone, respectively.

and releases arbitrary objects via coiling.

5.2 The Variable Stiffness Robot

In this section, we detail the analytical design principles, the fabrication
technique and the dual material characterization of our tongue-like, variable
stiffness robot (VSR).
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5.2.1 Analytical Design - Elastic Torque

We represent the flexible, unsupported region of the VSR as a serial chain
of rigid links connected by planar (1 Degree of Freedom) rotational joints
as a simplification of [333] and [334]. Any desired shape can be represented
as a vector of joint angles q where the length of q is determined by the
granularity of discretization (individual link length l) and the unconstrained
length of the VSR, itself a function of time (L = L(t)). Elastic joint torque
is given as

τττ elas =
Kq

l
, (5.1)

where l is the virtual link length and K is the bending stiffness which can
be approximately defined as:

K = EMEIME + EBBIBB, (5.2)

with EME and IME as the Young’s modulus and the second moment of
area for bending of the rectangular cross-section magnetic elastomer, and
EBB and IBB are those of the circular cross-section backbone, respectively
(See Fig. 5.2)

IME =
wh3

12
, (5.3)

IBB =
nπ

4
r4, (5.4)

with w as the elastomer width, h as the elastomer height, r as the radius
of the support rods, and n as the number of support rods. When the
nitinol backbone is withdrawn EBB = 0 and the mechanical stiffness drops
dramatically.

5.2.2 Analytical Design - Magnetic Torque

A magnetic dipole with moment m in a homogeneous field B(t) will expe-
rience a resultant magnetic torque proportional to applied field strength

τττmag(t) = m×B(t), (5.5)

where B(t), m, τττmag(t) ∈ R3 (If B and m are constrained to the x-y plane
then the cross product becomes effectively scalar). The body torque acting
on any discretized segment (virtual link) of the VSR as a consequence of the

106

5



i
i

“output” — 2023/3/13 — 10:57 — page 107 — #123 i
i

i
i

i
i

5.2 The Variable Stiffness Robot

interaction of the actuating magnetic field, and the deformed magnetization
of that region of doped elastomer will produce deformation, and therefore
be counteracted by the elastic properties of the material.

5.2.3 Analytical Design - Torque Balance

Assuming gravity to be zero, we can balance the elastic torque at any
given virtual joint (i, in a VSR of N virtual joints) with the aggregation of
magnetic torques on every distal virtual link in the VSR at any given time
step

τi,elas =
N∑
n=i

τττn,mag. (5.6)

As illustrated in Fig. 5.3, we can define our desired shape as some
proportion of a circle. The joint array q for a full circle of deformation
becomes N equal joints of 360

N

◦
, where q increases in length by one entry

with each time step from t = 0 to t = N . Anything proximal to the joint
of interest will be constrained by the backbone and is assumed to be rigid
(See Section 5.2.5).

Inverting the aggregation of (5.6) over all time steps would give non-
unique solutions for m and B - the necessary combination of fields and
magnetizations can be rotated about z whilst still producing feasible out-
puts. By implementing constraints (which in practice, aid stability) namely,
the distal magnetization must be axial and all segment magnetizations must
be within 60◦ of all their neighboring magnetizations, a unique solution ex-
ists for any set of joint angle arrays. This solution was determined using
the Genetic Algorithm (GA, Global Optimization Toolbox, Matlab version
R2021b) to generate discretized magnetization profiles and time-stepping
actuating fields. This was solved in the previous work of [324], hence has
not been elaborated further.

As can be observed in Fig. 5.2 and Fig. 5.3, these resultant magne-
tizations and actuating fields are sinusoidal in nature. The magnetization
sinusoid running spatially along the long (x) axis of the robot and the
actuating field sinusoid rotating as a function of time.

The driving variable here is the bending radius (r) and is defined as
the radius of the circle which is formed by the array of equal desired joint
angles, so, taking qdes as a scalar from the joint angle array and with l as
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5. A Magnetically-actuated Coiling Soft Robot with Variable Stiffness

Figure 5.3: (A) A representative pose of the VSR with the tip location of the
sliding nitinol backbone indicated by the yellow triangle and the backbone
supported region shown as red overlay. (B) Illustratively discretized into
four rigid links with referential magnetizations (m) shown as purple arrows.
(C) Deformed magnetization (m’) shown again as purple arrows, resultant
magnetic torques as green arrows, applied field (B) as turquoise arrow and
deformed joint angles as qi, i ∈ [1, 4].

the virtual link length gives

r =
l

2 sin (qdes)
. (5.7)

Consequentially, defining position along the robot length from the tip
as S, the magnetization (m) at any point along the robot is defined as

m = |m|rotz(
S

πr
180◦)x̂, (5.8)

with x̂ the unit vector in the x direction, and rotz(·) ∈ SO(3) the rotation
matrix about the z-axis. The resultant rotational speed of the actuating
field is a function of the speed of retraction of the backbone.

108

5



i
i

“output” — 2023/3/13 — 10:57 — page 109 — #125 i
i

i
i

i
i

5.2 The Variable Stiffness Robot

Figure 5.4: The key steps in the process of fabrication. (A) A mold is 3D
printed in Polylactic acid. The injection port can be seen here. (B) 0.75
mm diameter nitinol wires are embedded lengthways and doped silicone
is injected and cured. (C) The specimen is demolded, wrapped around a
magnetizing tray (shown in grey) of specific bending radius and exposed
to a saturating magnetizing field, shown here as turquoise arrows. (D) 0.5
mm diameter nitinol wires are inserted to act as the sliding backbone.

5.2.4 Fabrication

The manual fabrication process is outlined in Fig. 5.4 and is based on
[323]. A split mold was 3D printed (RS-F2-GPGR-04, Formlabs, USA)
into which 0.75 mm diameter nitinol wires are embedded, and the arrange-
ment is bolted and glued shut. The elastomer (Ecoflex-0030, Smooth-On
Inc, USA) was mixed with neodymium-iron-boron (NdFeB) microparticles
with an average diameter of 5 µm (MQFP-B+, Magnequench GmbH, Ger-
many) in a 1:1 mass ratio giving a saturated remnance of 120 mT [335].
This composite was mixed and degassed in a high vacuum mixer (ARV-
310, THINKYMIXER, Japan) at 1400 rpm, 20.0 kPa for 90 seconds. The
mixture was injected into the mold and cured at room temperature for four
hours. Upon demolding, the 0.75 mm diameter nitinol rods are removed.

The specimens were then secured in a circular 3D printed magnetizing
mold before being subjected to a saturating uniform field of 4.644 T (ASC
IM-10-30, ASC Scientific, USA). The bending radius of the circle about
which the specimen is wrapped during magnetization is described in Section
5.2.3 and discussed in Section 5.5. For Sample 1 this parameter was 7.5
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5. A Magnetically-actuated Coiling Soft Robot with Variable Stiffness

Figure 5.5: The variable stiffness robot (VSR), magnetized according to the
purple arrows (m) and constrained at the base (blue rectangles), is shown
under static one-dimensional magnetic actuation (turquoise arrow) for var-
ious insertions of sliding nitinol backbone signified here by yellow triangles.
(A) Distal 20 mm unconstrained. (B) Distal 30 mm unconstrained. (C)
Distal 40 mm unconstrained. (D) Distal 50 mm unconstrained. (E) Distal
60 mm unconstrained. Due to the stiffness change factor, deformation can
only occur in the unconstrained region of the VSR. This shows the lowest
energy state of the sinusoidally magnetized VSR.

mm and for Sample 2 it was 5 mm.

Finally, the holes from which the 0.75 mm diameter rods were removed
are filled with free sliding 0.5 mm diameter nitinol backbone rods.

5.2.5 Variable Stiffness Characterization

Using Ecoflex-0030 (Smooth-On Inc, USA) doped at 100% by weight gives
EME = 100 kPa [335]. EBB = 50 GPa [336] and from (5.3) and (5.4) with
w = 2 mm, h = 10 mm, r = 0.25 mm and n = 2 gives the bending stiffness
of the nitinol backbone (KBB) and the magnetic elastomer (KME) as

KBB = 3× 10−4 Nm2,
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5.2 The Variable Stiffness Robot

Figure 5.6: The actuation system showing (A) PaCMag - 3D electromagn-
etic coil setup and the linear stage. (B) Top view of the variable stiffness
robot grasping an object in the workspace.

KME = 7× 10−7 Nm2.

This gives an analytical stiffness change factor of 765. In practice,
no amount of actuating field could be imparted in order to generate a
measurable bending deformation in the backbone supported region of the
VSR. Fig. 5.5 shows the VSR in a static actuating field with incrementally
adjusted support positions - the point at which the backbone reaches is
marked with a yellow triangle. This clearly demonstrates the absence of
bending in any of the proximal, supported regions. Furthermore, Fig. 5.5
shows the lowest energy state of the sinusoidally magnetized VSR. Without
forcing the robot into the coiled higher energy state using correctly coupled
backbone retraction and time-varying applied fields we cannot achieve the
large deformations with which we functionalize the system. The Supple-
mentary Video: S1 also illustrates the failure of the VSR to coil around an
object and uncoil when the actuating field is applied sinusoidally but the
sliding nitinol backbone is absent.
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5. A Magnetically-actuated Coiling Soft Robot with Variable Stiffness

5.3 Controlled Actuation

In this section, we demonstrate a proof-of-concept functionalization of our
VSR. By synchronizing the withdrawal of the backbone support with the
rotation of the actuating field we force the VSR to coil into a higher energy
state equilibrium. We use this coiling action to grasp various objects.

Figure 5.7: Closed-loop control of the variable stiffness robot (VSR) sum-
marized in three blocks: (I) The tip angle (θest) of the VSR is estimated
from the camera and sent as feedback to the controller. (II) A proportional
control calculates the magnetic field (B) and its angle (θact) to be applied
from the error (θerr) between the desired (θdes) and estimated (θest) tip an-
gles. (III) PaCMag applies the magnetic field by computing the required
current (I) from the inverse field map. The linear stage moves the nitinol
backbone to a position (pdes) updated based on the current desired tip an-
gle (θdes).
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5.3 Controlled Actuation

5.3.1 Actuation Systems

A 3-D electromagnetic coil setup (PaCMag) is used with a cylindrical
workspace of equal radius and height of 65 mm as shown in Fig. 5.6 [337]. It
has three coil pairs which can generate linearly independent uniform mag-
netic fields up to 55 mT. Experiments are conducted by supporting the
VSR horizontally in the workspace of PaCMag and a linear stage (LX20,
Misumi Group Inc., Tokyo, Japan) fixed at the base controls the movement
of the nitinol backbone. A camera situated at the top captures the motion
of the VSR.

5.3.2 Visual Sensory Feedback

An image processing algorithm is developed in OpenCV to track the tip
angles of the VSR in 2D using camera images. Firstly, the original image
is converted to a grayscale image and a threshold operation is performed
to obtain a binary image of the VSR. Secondly, a skeletonization algorithm
is performed on the binary image to extract the shape of the VSR. The tip
of the VSR is then identified as the end point of the skeleton. Lastly, the
slope of the end segment is calculated to find the tip angle of the VSR, this
is used as feedback for the closed-loop controller.

5.3.3 Calculation of Actuating Field

We implemented a linear proportional controller with manually optimized
gain parameters. The one dimensional error function is derived as the
difference between the estimated tip angle (θest ∈ R1) from Section 5.3.2
and the desired tip angle (θdes ∈ R1). This desired tip angle is predefined
as a vector assembled from a circle discretized into small increments, for
example, θdes = [10, 24, 38, ..., 206, 220]◦. The actuating field (B ∈ R3) is
set to a constant magnitude (|B| = 20 mT) and the control variable is the
angle of the applied field (θact) relative to the x-axis (see Fig. 5.7).

B = |B|rotz(θact)x̂. (5.9)

The applied field angle at time (t) is updated according to the error function
(θerr = θdes−θest) until the tolerance (θerr < 5◦) is attained as shown below,

θact(t) = KPθerr(t) + θact(t− 1), (5.10)
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5.4 Results

where KP is the proportional gain. The system then retracts the nitinol
backbone one increment before advancing to the next desired tip angle.

5.3.4 Calculation of Retracting Stage Position

The time-varying position of the nitinol backbone
(
P (t)

)
is defined as:

P (t) = L − pdes(t), where L is the total robot length and the incremental
position (pdes(t)) is linearly correlated to the desired angle of deformation
(θdes(t)) via the bending radius (r, the radius the VSR coils about during
actuation). Due to the limitation on positioning repeatability of the linear
stage, pdes(t) is set to a minimum step size of 2.5 mm. The VSR grasps the
object placed in the coiling plane as PaCMag applies the magnetic field and
the linear stage retracts the nitinol backbone until the set maximum desired
tip angle (θmax

des = 220◦) is reached. Beyond this angle as the tip closes the
circle, it is not possible to track the tip angle. Hence, the subsequent
coiling action is performed by automatically incrementing θdes to complete
the grasp. This whole system can also be run in reverse to uncoil the
VSR and release the entrapped object. Fig. 5.7 illustrates the complete
closed-loop control system.

5.4 Results

The two VSR samples 1 (7.5 mm bending radius) and 2 (5 mm bend-
ing radius) are used to demonstrate the grasping and releasing of printed
cylindrical objects in closed-loop as shown in Fig. 5.8. Three objects of
diameters 15, 12 and 10 mm are placed at various locations facing the coil-
ing side of the VSR. The VSR, initially in its straight configuration, wraps
around the object to grasp it, coils further to move the object along, then
releases the object and uncoils itself to return to its original configuration
(Refer to the Supplementary Video: S3-S5 for the complete demonstration).
Fig. 5.9 shows the plots of applied magnetic field (Bx,By), resultant field
angle (θact), position of the nitinol backbone (P ), desired tip angle (θdes),
and estimated tip angle (θest). These variables are plotted for sample 1
grasping and releasing the 15 mm object (Fig. 5.8 A). The overall control
frequency across the three experiments is 1 Hz. The PaCMag coils main-
tained closed-loop control of the VSR via the visual tip tracking system
throughout the “Grasping” and “Releasing” phases of the demonstration
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5. A Magnetically-actuated Coiling Soft Robot with Variable Stiffness

Figure 5.9: Results of closed-loop control experiment of Sample 1 grasping
and releasing 15 mm object. Plots show the applied magnetic field (Bx, By)
and its orientation (θact), position of the nitinol backbone (P ), the desired
(θdes) and estimated (θest) tip angles of the VSR during the experiment
time (t). The four stages of the experiment occur as follows: grasping
phase (t = 0-254 s); coiling action (t = 255-296 s); uncoiling action (t =
297-348 s); releasing phase (t = 349-682 s).

(Fig. 5.9). Visual contact with the tip was lost during the “Coiling” and
“Uncoiling” phases as discussed in Section 5.3.3. Here the controller was
operating in open-loop. The observed maximum coiling deformation angle
owing to the decreasing size of the objects in the three experiments were
360o, 375o and 400o, respectively.
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5.5 Discussions and Future Work

In this work, we have demonstrated the grasping and releasing under closed-
loop control of various diameter cylinders using a magnetically-actuated
variable stiffness continuum robot. In doing so we have addressed the non-
trivial problem of controlling large (up to 400◦) deformations which under
magnetic actuation are inherently unstable. Please see the Supplementary
Video: S1 for the demonstration of a failed grasping and releasing exper-
iment of the VSR without the nitinol backbone. We have introduced the
concept of a synchronized sliding nitinol backbone with an applied actu-
ating field and proved its feasibility within our VSR to grasp and release
various objects. We have also shown that the VSR is able to coil itself
into higher energy state equilibrium without relying on anatomical con-
tact forces or interaction with external environment [338]. Supplementary
Video: S2 shows the coiling of the VSR in free space without the influence
of any external object.

In order to simplify the demonstration of our feasibility study, we per-
formed our experiments entirely in the horizontal plane (Fig. 5.8). The
VSR is supported in the vertical direction on a smooth acrylic plate thus
negating the effects of gravity. Although there are no theoretical issues with
the consideration and incorporation of the gravitational force, these simpli-
fications were made on purely practical grounds. Any future study should
look to both consider gravity and to control the VSR in unconstrained three
dimensional space.

A further simplification worthy of mention pertains to the visual track-
ing algorithm. Our system locates the tip of the VSR and derives the tip
angle to use as a control input. When the VSR wraps into a full circle the
tip ceases to be visible, rendering this method of tracking impossible. Any
further study should therefore encode a system for tracking the position
and size of the circle after a certain deformation angle is achieved. Further
ahead, and for a more clinically relevant demonstration, visual tracking is
not possible inside the human body so some non-visual sensing method
(e.g. medical imaging or strain sensing) should be incorporated.

The bending radius is an interesting parameter worthy of mention here.
The radius of the circle around which the robot is magnetized has a pro-
found impact on the achievable radii of the wrapped robot under actuation.
If this bending radius is too small the elastic torque will overpower the
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5. A Magnetically-actuated Coiling Soft Robot with Variable Stiffness

magnetic torque and the robot will snap open. This can be mitigated to a
limited degree with a larger applied field magnitude. Furthermore, if the
retraction of the nitinol backbone is not correctly synchronized with the
rotation of the applied magnetic field, the actuation descends into the im-
balances shown in Fig. 5.5 and the Supplementary Video. Consequentially,
the timing of the retraction of the sliding nitinol backbone is a function of
the bending radius (the magnetization) and is enabled by having sufficient
magnitude of applied field.

The most obvious limitation of this design is that the backbone is al-
ways, when present, straight and the base upon which the VSR is mounted
is static. As magnetic actuation is an inherently small scale technology
with its most likely applications in minimally invasive surgery (and simi-
lar) these constraints limit the current clinical relevance of the design. In
order to navigate to any area of interest we should be soft, compliant and
mobile. These limitations are by no means definitive however, and the
imminent next step is to develop miniaturizable backbones with compli-
ant behavior, either fluidically actuated or with phase changing materials.
Further to this we must also develop a mobile mounting system, such as
a manual endoscope to operate. We also anticipate developing more reli-
able and miniaturizable automated fabrication techniques. This will allow
us to shrink the prototype and potentially incorporate more complex and
interesting variable stiffness features.

5.6 Conclusion

This chapter presents a proof-of-concept of a tongue-like, magnetic variable
stiffness coiling robot. This system exploits variable lengthwise mechani-
cal properties to achieve high deformation equilibrium in a way which has
not previously been shown. We have demonstrated a closed-loop control
strategy to grasp and release objects of varying sizes by synchronizing the
sliding nitinol backbone of the robot with the actuating magnetic field.
With this contribution, we have demonstrated the currently untapped po-
tential of functionalizing variable stiffness magnetically-actuated robots for
higher energy state deformations. The variable stiffness grasping robot has
potential as a surgical tool for applications in biopsy and grasping.
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6
AMagnetically-actuated Variable Stiff-

ness Manipulator based on Deployable

Shape Memory Polymer Springs

Note: The following chapter is adapted from the article “A Magnetically-
actuated Variable Stiffness Manipulator based on Deployable Shape Memory
Polymer Springs” by T.L. Thomas, J. Bos, J. J. Huaroto, V. Kalpathy
Venkiteswaran, and S. Misra, accepted for publication in “Advanced Intelli-
gent Systems”, special issue of “Soft Robotics Across Scales: Fundamentals
and Applications”, February 2023 (In Press).
The chapter has been reformatted in terms of figures to fit this doctoral the-
sis. No changes to the technical contents of this peer-reviewed manuscript
have been made.

Authors’ Contributions: T. L. Thomas and V. Kalpathy Venkiteswaran
conceived the manipulator design. T. L. Thomas performed the stiffness
characterization and thermal analysis, fabricated the manipulator, carried
out the experiments, and interpreted the results. J. Bos conducted the ther-
mal actuation experiments and contributed to the thermal analysis. J. J.
Huaroto designed the test setup for laser light. V. Kalpathy Venkiteswaran
contributed to the planning of experiments, analysis, and interpretation of
the results. S. Misra contributed to the planning of robotic magnetic ac-
tuation experiments and supervised the project. T. L. Thomas wrote the
manuscript in consultation with all the authors.
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6. A Magnetically-actuated Variable Stiffness Manipulator based on
Deployable Shape Memory Polymer Springs

Abstract

Continuum manipulators have found several applications in surgical in-
terventions like endoscopy, laparoscopy, and as end-effectors for surgical
robots. Continuum manipulators coupled with magnetic actuation can be
precisely maneuvered inside the human body. Recently, variable stiffness
manipulators (VSMs) have been introduced for enhanced dexterity and safe
navigation. This study presents a new design of a magnetically-actuated
VSM based on shape memory polymer (SMP) springs. The VSM has a sil-
icone backbone enclosed within a spring made of SMP that can change in
length with stiffness change that is triggered by Joule heating. The stiffness
and thermal characteristics of the VSM are studied using analytical mod-
els and experiments. Subsequently, a one-segment VSM and a two-segment
VSM having outer diameters of 9 mm and 10 mm and lengths of 15 mm
and 25 mm, respectively, capable of extending to four times their length
are designed. The VSM can be deployed in a compact form and extended
to achieve variable bending curvatures in soft and rigid states, which can
facilitate instrument insertion and reduce operation invasiveness. Potential
clinical applications are demonstrated by incorporating miniature camera,
biopsy tool, and laser optical fiber in the working channel of the VSM and
coupled with robotic magnetic actuation.

6.1 Introduction

The past few years have seen a rapid growth in the application of continuum
manipulators in diverse fields ranging from space and deep-sea explorations
to minimally invasive surgical interventions [339]. The design of continuum
manipulators inspired from nature emulates the flexibility of the body of
a snake, the tentacles of an octopus, among others. Such manipulators
composed of elastic components with finitely many degrees of freedom can
adapt their shape and operate in confined spaces [13]. A great deal of
previous research in continuum manipulators has focused on tendon-driven
manipulators, concentric tube manipulators, and multibackbone manipu-
lators [53]. Although such manipulators with extrinsic actuation embody
high flexibility, they are affected by friction and backlash caused by ca-
bles, torsion and snapping behaviour of concentric tube designs [48], [224].
Continuum manipulators based on compliant mechanisms have several ad-
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6.1 Introduction

vantages as they are monolithic in nature which lead to easy fabrication,
and with the elimination of friction, backlash and noise, there is no need
for lubrication [110]. However, these mechanisms are affected by fatigue
and the input-output relationship is perturbed by energy storage [74].

Minimally invasive surgery (MIS) is an increasingly important appli-
cation of interest within the field of continuum manipulators [48]. MIS
requires only small incisions to perform the surgery on the patient, reduces
the operating time and leads to fast recovery. Continuum manipulators
can improve MIS by reaching difficult-to-access surgical sites with high
dexterity and accuracy. With the rapid advances in the field of robot-
assisted surgery, continuum manipulators are increasingly being used as
end-effectors for dexterous manipulation of the surgical tools inside the
human body, and complement the capabilities of the surgeon. There is a
growing trend towards the design of soft continuum manipulators, which
can adapt and be gently maneuvered in a constrained environment in the
vicinity of various objects [340]. For example, Kim et al. demonstrated
a ferromagnetic soft continuum robot that can be steered through com-
plex phantom vasculature, while growing hydrogel skin on its surface that
significantly reduces friction [40]. Magnetically-actuated soft manipulators
have great potential in creating miniaturized designs made by embedding
ferromagnetic particles in soft polymer composites or incorporating small
permanent magnets, which can then be controlled remotely with the ap-
plication of external magnetic fields [341], [342]. While soft manipulators
have proven good maneuverability, rigidity is essential for higher motion
accuracy and to exert forces [228]. Both rigidity and softness are desir-
able attributes for surgical functions which is useful for instance, during
deployment of laparoscopy tools, and performing biopsy.

Variable stiffness in surgical manipulators has been gaining significant
attention in recent years. Several studies have investigated different mecha-
nisms to achieve variable stiffness such as granular/particle jamming, antag-
onistic arrangement of actuators, and stimuli-responsive stiffness-tunable
materials [64]. A variable stiffness mechanism based on fiber jamming
transition was introduced in the STIFF-FLOP soft manipulator to provide
stability to its distal module by making it rigid, however miniaturization of
this technology proved to be challenging [343]. A lightweight re-configurable
stiffness-changing skin based on layer jamming was created and adopted as
on-demand joints for a continuum manipulator enabling dynamic adjust-
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ment of the operating workspace [344]. Cable-driven actuators [67] and
fluidic actuators [345] are commonly used in antagonistic methods, but are
limited by low range of stiffness variation and controllability when it comes
to MIS [346].

Stiffness-tunable materials such as low melting point alloys (LMPAs),
shape memory alloys (SMAs), and shape memory polymers (SMPs) can
attain significant stiffness change [27], [28], [47], [347], [348]. Despite the
toxic nature of LMPA, owing to its transition speed, it has been used in
the multi-segment designs of a cable-driven continuum manipulator for MIS
application [347], and magnetic variable stiffness catheters for applications
in cardiac ablation and robotic ophthalmic surgery [47], [68]. SMAs have
high power to weight ratio, are bio-compatible, easy to miniaturize, and
can be activated using Joule heating [349]. Therefore, SMA wires in the
form of springs, strips, and wavy patterns have been used in the design
of continuum manipulators for actuation and variable stiffness [28], [350],
[351]. However, SMAs exhibit relatively lower range of stiffness change than
SMPs, a limitation that could be solved by combining with a thermoplas-
tic [352]. SMPs are versatile due to their compatibility with 3D printing
and multi-material fabrication. Material synthesis enables developing multi
SMP, that is, SMP with two or more transition temperatures, manifesting
improved mechanical properties and recoverability [353], [354]. Recently,
SMP was used in the design of magnetic variable stiffness catheters in which
graphite, neodymium and carbon black particles were incorporated in the
SMP composite to improve the electrical and thermal conductive proper-
ties [69], [348].

This work presents a new design of a magnetically-actuated variable
stiffness manipulator (VSM) based on SMPs. The VSM is composed of
a silicone lumen enveloped by a helix-shaped spring made of SMP and a
permanent magnet attached to its tip. The SMP spring with an embedded
resistive wire is fabricated by following a novel process of re-training the
SMP to alter its primary shape. The working principle of the VSM relies
on phase change property of SMP for shape fixity in conjunction with mag-
netic fields for actuation. The VSM demonstrates shape fixity or shape
locking capability, that is, the shape of the VSM can be fixed during mag-
netic actuation to resist external forces. Moreover, the VSM made of an
extensible SMP spring can attain a compact form in its compressed form
and operate in various configurations of extendable lengths. The modular-
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ity of the VSM as a two-segment VSM (with a central working channel to
accommodate laparoscopic tools) is also demonstrated to achieve different
bending curvatures with selective shape locking capability. The major con-
tributions of this work are: (i) Design and fabrication of a deployable and
modular VSM that is magnetically-actuated and exhibits variable stiffness
with variable working length. (ii) Shape locking capability of VSM that has
potential to facilitate insertion and act as a stabilizer while deploying la-
paroscopic tools. (iii) Stiffness and thermal characterization of VSM using
analytical models and experiments. (iv) Clinical feasibility demonstration
for applications in endoscopy, biopsy and laser surgery using robot-assisted
magnetic actuation.

6.2 Results and Discussion

6.2.1 Design

The VSM has a backbone made of a silicone tube enclosed within a spring
made of SMP and a permanent ring magnet attached to its tip. The SMP
spring is embedded with a resistive wire to heat the SMP by passing current.
The SMP spring in rigid phase is initially in a compressed state resulting
in a minimum length of the VSM, and it can be moved to a target location
in its compact form. When the SMP is activated by heating, it transitions
to the soft phase and by pushing the silicone tube, the VSM is extended in
length. The orientation of the VSM tip with magnet is controlled with the
application of a bending moment resulting from external magnetic fields.
The VSM can be deflected to extend or bend while the SMP is in soft phase,
and its shape can be fixed when the SMP transitions to rigid phase. A two-
segment design of the VSM can be formed using two SMP springs in series
enclosing a two segment concentric tube backbone of silicone (Fig. 6.1a).
Various bending configurations can be achieved with selective activation,
bending and extension of the VSM segments (Fig. 6.1b). The stiffness
change of the SMP when transitioning between the soft and rigid phases
enables fixing the shape of the VSM (Fig. 6.1c), which is controlled under
magnetic actuation.
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6.2.2 Fabrication Method

The variable stiffness manipulator (VSM) is fabricated by assembling the
silicone tube, shape memory polymer (SMP) spring and permanent mag-
net using flexible clamps made by 3D printing (Form 2, stereolithography
printer, USA) as seen in Fig. 6.1a. Off-the-shelf silicone tubes (Technirub
International B.V., Netherlands) and N48 neodymium ring magnets (Neo-
magnete, Germany) of outer diameter = 4 mm, inner diameter = 1.5 mm,
and height = 1 mm are used. The SMP spring is made by first making
a SMP wire having a 0.12 mm nichrome wire as the embedded resistive
wire. The nichrome wire is coated with a urethane lacquer (KONTAKT
255 Urethane 71, Belgium) for insulation. The coated nichrome wire is in-
serted forming a loop routed inside a silicone tube of inner diameter equal
to the spring wire diameter, to obtain two connection points for the current
supply. The nichrome wires running though the length of the silicone tube
form an electrical circuit loop, with two ends of the nichrome wire leaving
one end of the silicone tube. A potting type SMP, MP3510 (SMP Tech-
nologies Inc., Japan) which is available in two parts: resin and hardener,
is used in this design. Equal amounts of resin and hardener are taken in
a dual cartridge syringe gun (Adhesive Dispensing Ltd., UK) and dried
using a 1 stage vacuum pump for 2 hours. The resin and hardener are then
mixed using a 1:1 ratio mixer nozzle and the solution is injected into the
prepared silicone tube mold. The mold is immediately transferred to an
oven to cure at 70°C for 2 hours. The cured SMP wire is demolded by
cutting out the silicone tube. The SMP spring is obtained by re-training
the SMP wire to change its primary shape to a spring shape. This is done
by fixing it into a temporary shape of a spring, and heating the SMP wire
above its glass transition temperature for a prolonged period of time. This
is a process synonymous to annealing where the molecular disturbance due
to residual strain is eliminated. A few studies have investigated the differ-
ent re-training conditions of the primary shape [356], [357]. The following
training cycles are tested in an oven: 4 hours at 70°C + 16 hours at 95°C;
16 hours at 70°C; 4 hours at 95°C. It is found that two cycles of 16 hours
at 70°C works the best to obtain the SMP spring. The complete process
of fabricating the SMP spring is illustrated in Fig. 6.1d. Therefore, in
this way the SMP spring with two nichrome wires at one end is obtained.
Lastly, the two nichrome wires are covered by a teflon liner of diameter
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0.6 mm (Zeus Company Inc., US) and filled with silicone rubber (Ecoflex™
00-10, Smooth On Inc., US), while leaving two short ends of the nichrome
wire for electrical connection.

6.2.3 Stiffness Characterization

The shape fixity of the VSM, that is, the ability of the VSM to retain the
temporary shape upon removal of mechanical deformation is crucial for the
design. This is achieved by designing the VSM to have high stiffness in
the glass phase of SMP when it becomes rigid, and low stiffness in the
rubber phase of SMP when it becomes soft. As inferred from Fig. 1c,
the elastic modulus of the SMP in glass phase (Eg = 1000 MPa) drops
by three orders of magnitude when transitioning to rubber phase (Er = 1
MPa). Hence, maximizing the bending rigidity of the SMP spring in glass
phase is prioritized. The SMP spring can be modelled as a cantilever beam
with bending rigidity (β) given by [358]

β =
Eld4

64nr(2 + ν)
, (6.1)

where E and ν are the elastic modulus and Poisson’s ratio of SMP at a given
phase, respectively; d, l, r, and n are the diameter of the spring wire, length,
mean coil radius, and number of active coils of the spring, respectively. The
lateral deflection (θ) of the VSM caused by a pure bending moment (M) is
given by

θ =
ML

(β + EsIs)
, (6.2)

where Es and Is are the elastic modulus and area moment of inertia of
the silicone tube, and L is the length of the VSM. The lateral deflection
of the VSM as a function of mean coil radius and spring wire diameter
is shown in Fig. 6.2a. For high stiffness, that is, high bending rigidity
given by (6.1), 3 mm mean coil radius and 2 mm spring wire diameter are
chosen considering the fabrication limitations. The number of active coils
of the SMP spring and length of the VSM are determined by analysing
the resulting bending rigidity of the VSM composed of the SMP spring
and silicone tube. To retain the shape fixity for a given length of VSM,
the bending rigidity of the SMP spring (β) should be dominant over that
of the silicone tube (EsIs). The suitable design region can be ascertained
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from Fig. 6.2b, for lengths after the intersection of the plot lines of SMP
spring and silicone tube.

Three VSMs with different combinations of length, number of active
coils, size of silicone tubes, and magnets are designed. The lateral de-
flection of the VSMs in glass and rubber phases are analysed with the
application of a bending moment resulting from the magnetic fields (Fig.
6.2d and 2e, Supplementary Video: S1). Experiments are conducted in
compressed and different extended lengths of the VSMs (Fig. 6.2f). The
theoretical model agrees better with the experimental results for small de-
flections (< 10°) in glass phase than for large deflections in rubber phase.
This can be attributed to the ambiguity in the elastic modulus of the SMP
as it transitions from the glass transition range to the fully rubber region
and the geometric non-linearities due to large deflection.

Based on the results, VSM-2 and VSM-3 having 4.5 and 5.5 active
coils are chosen over VSM-1 having 3.5 active coils as the final designs as
these demonstrate less deflection in glass phase (Fig. 6.2c). VSM-2 and
VSM-3 have compressed lengths of 13 mm and 15 mm, and an extended
working lengths of 50 mm and 70 mm, respectively. For demonstration
of VSM functions, a one-segment VSM is fabricated using VSM-3 design
and a two-segment VSM is fabricated using a combination of two VSM-2
designs. Both the one-segment and the two-segment VSM designs in their
respective fully extended lengths are capable of bending up to an angle of
180° in rubber phase while using a magnetic field of 70 mT. The different
shapes of the two-segment VSM are captured by selectively heating each of
the segments, extending to various lengths and deflecting to various bending
curvatures with the application of magnetic fields of 40 mT (Fig. 6.2g).

6.2.4 Thermal Actuation

The variable stiffness in the VSM is activated by means of Joule heating.
The SMP used in the design has a glass transition temperature of 35°C,
below which it is in glass phase and at 60°C it reaches the rubber phase.
The SMP spring wire is embedded with a nichrome wire of diameter 0.12
mm running through the cross section of the SMP spring wire twice, with
the two ends of the nichrome wire leaving the end of the SMP spring wire
to connect to a power supply. The cross section of the SMP spring wire
is composed of two circular sections of the nichrome wire (running in two
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Figure 6.2: a) Effect of wire diameter (d) and mean coil radius (r) of the
spring on its lateral deflection (θ). b) Bending rigidity (β) for different
lengths of the SMP springs with n active coils and silicone (Do×Di) tubes
of outer diameter (Do) and inner diameter (Di). c) The degree of lateral
deflection (θ) over the bending moment (M) in glass and rubber phases
for three designs of variable stiffness manipulator (VSM): VSM-1 (n = 3.5, l

= 35 mm, Do = 2.5 mm, Di = 1.2 mm); VSM-2 (n = 4.5, l = 51 mm, Do = 3 mm,

Di = 2 mm); VSM-3 (n = 5.5, l = 45 mm, Do = 2.5 mm, Di = 1.5 mm). d) θ of
VSM-2 in glass and rubber phases for the same magnetic bending moment
(M ) generated by external magnetic fields. e) θ versus M relationship
calculated by the cantilever beam model and measured by the experiments
with VSM-2 of length (l = 42 mm). f) The degree of θ over M in glass
and rubber phases for VSM-2 design with different working lengths (l). g)
Different bending shapes of the two-segment VSM design at varying lengths
with the application of magnetic fields captured as side and top views.
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directions) surrounded by the SMP layer. The overall design can be ap-
proximated by a cross section composed of single section of nichrome wire
having an effective radius of two wires and surrounded by the SMP layer
(Fig. 3b). As current flows through the nichrome wire, the temperature
of the surrounding SMP increases. Assuming a cylindrical coordinate sys-
tem with the center of the cross section as origin and temperature varies
along the radial direction, the rise in temperature is modelled using the
one-dimensional transient heat transfer equation [359] given by

∂T

∂t
= ao

(
∂T

∂r

1

r
+
∂2T

∂r2

)
, (6.3)

with an initial condition:

T (r, 0) = T0, (r1 ≤ r ≤ r2) (6.4)

and the boundary conditions:

I2R = 2πrλ0
∂T

∂r
, (r = r1) (6.5)

λ0
∂T

∂r
= h(T − T0), (r = r2) (6.6)

Here T and T0 are the temperatures of the SMP layer and the ambient
temperature, respectively; t is the time, r1 is the effective radius of the
two nichrome wires, r2 is the radius of the SMP layer, and r is any point
radius in the SMP layer. The thermal diffusivity of nichrome is given by
a0 = λ0/(ρ0c), where λ0, ρ0, and c are the thermal conductivity, density
and specific heat capacity of nichrome, respectively. i, R, h are the current,
the resistance of the nichrome wire, and the surface heat transfer coefficient
of the SMP with air, respectively.

The heating and cooling behaviour of the VSM upon actuation are anal-
ysed by measuring the temperature using an infrared camera. The straight
SMP wire before training, the SMP spring, and the VSM are tested. Tem-
peratures are measured between the transition from glass to rubber phase,
and vice versa, with the application of currents in the range 0.1 - 0.3 A.
The thermal camera images (Supplementary Video: S2), temperatures of
the samples measured by the infrared camera, and the temperatures cal-
culated by the heat transfer model (equation 6.3) are shown in Fig. 6.3.
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Figure 6.3: a) Thermal camera images showing the glass and rubber phases
of the shape memory polymer (SMP) wire, SMP spring and the variable
stiffness manipulator (VSM). b) The temperatures (T ) measured by the
thermal camera over time (t) at applied currents of 0.1 A, 0.2 A, and 0.3 A.
The inset depicts the cross section of the samples composed of SMP (gray)
and nichrome (red), and the approximation of the two nichrome wire parts
as a single part for the heat transfer model. A cylindrical coordinate system
is fixed with origin (O) at the center of the cross section, r1 is the effective
radius of nichrome and r2 is the radius of SMP, and r is any point radius
in the SMP layer. (c) The temperatures estimated by the heat transfer
model and measured by the thermal camera for the SMP wire at 0.2 A,
SMP spring at 0.2 A and the VSM at 0.3 A.

Results show a good agreement between the model estimated and exper-
imentally measured temperatures. It takes 20 s to thermally actuate the
VSM and reach rubber phase (60°C) while using a current of 0.2 A, and
230 s to cool the VSM and reach glass phase (30°C) at room temperature.

It is to be noted that this work is a proof-of-concept study using a
polyurethane SMP with phase change that occurs between 35°C and 60°C.
This temperature range can be challenging for clinical applications as the
human body temperature is typically 36-37°C, and prolonged exposure to
higher temperatures can cause thermal damage to tissue [360]. In the
experiments here, the cooling time is long owing to the natural convection
cooling process of the VSM that takes place in air. It can be reduced if
operating in fluid or with the inclusion of an active cooling element [47].
Moreover, the development and usage of SMPs with phase transition taking
place within a smaller range of temperatures while exhibiting a wider range
of stiffness change can reduce cooling time, and in turn can improve the
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response time of the VSM [361]–[363].

6.2.5 Applications

Potential clinical applications of the VSM as a steerable surgical manip-
ulator are demonstrated with one-segment and two-segment designs. A
permanent magnet attached to the end-effector of a robotic arm is pro-
grammed to generate the required magnetic field to control the VSM. The
one-segment VSM is used to demonstrate endoscopy and biopsy procedure
in a stomach phantom having polyps. Stomach polyps are abnormal tissue
growth found in the inner lining of the stomach, which maybe cause no
external symptoms can sometimes become cancerous if left untreated [364].
The polyps are detected during an endoscopy procedure in which a long
flexible tube equipped with a miniature camera at the end is inserted via
the mouth, through the esophagus, and into the stomach for visual exami-
nation. A polyp can be removed for inspection by inserting a biopsy forceps
or snare.

In the first experiment, a miniature camera (0.91 mm in diameter) is
integrated in the working channel of the one-segment VSM and tested in a
stomach phantom. The one-segment VSM is inserted through the esopha-
gus in its compressed form while in glass phase phase, and upon entering
the stomach the VSM is extended in length by activating the SMP to rub-
ber phase. The VSM is deflected in rubber phase with the application of
magnetic fields using the robot arm while manually controlling its length to
scan the volume of the stomach and detect the three polyps. Fig. 6.4a de-
picts the endoscopy procedure carried out by the one-segment VSM and the
view through the miniature camera of the polyps inside the stomach (Sup-
plementary Video: S3). In the second experiment, a cold snare polypec-
tomy tool is integrated in the working channel of the one-segment VSM.
As shown in Fig. 6.4b, the one-segment VSM is inserted to reach the polyp
similar to the first experiment. Thereafter, the VSM is locked in position
using the magnetic field while the SMP transitions to glass phase, and the
snare is deployed to grasp the polyp. The polyp is resected by retracting
the snare, and the SMP is activated to rubber phase. Thereafter, the VSM
is retracted back to its compressed form for subsequent withdrawal through
the esophagus (Supplementary Video: S4).

The maneuverability and shape fixity of the two-segment VSM is demon-
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Figure 6.4: Demonstration of endoscopy, biopsy and laser ablation appli-
cations of the variable stiffness manipulator (VSM): a) One-segment VSM
integrated with a miniature camera guided inside a stomach phantom using
robotic magnetic actuation to detect the three polyps. The inset shows the
miniature camera view. b) One-segment VSM integrated with a cold snare
removes one of the polyps in the inner lining of the stomach. The inset
shows a magnified view of the VSM. c) Two-segment VSM integrated with
an optical fiber carrying laser light is steered to navigate through three
rings oriented in 3D space.

strated by navigating it through three rings distinctly oriented in 3D (Sup-
plementary Video: S5). An optical fiber is integrated in the working chan-
nel of the VSM to transmit laser light. As shown in Fig. 6.4c, The VSM
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enters the first ring in its compact form, in which both the distal and prox-
imal segments known as segments 1 and 2, respectively as indicated in Fig.
6.1a, are in fully compressed states while in glass phase. The SMP spring
in segment 2 is activated by heating, as it transitions to rubber phase the
VSM is deflected with the application of magnetic field to align the tip
with the second ring. Subsequently, segment 2 is extended in length by
pushing silicone tube 2 to pass through the second ring, and the VSM is
deflected again to align the tip to the third ring. Thereafter, segment 2
is cooled to transition the SMP to glass phase, consequently locking the
shape of the VSM. Thereon, segment 1 is activated by heating, and with
the transition to rubber phase it is extended in length by pushing silicone
tube 1 to pass through the third ring. While in the current phase of glass
segment 2 and rubber segment 1, the tip of the VSM is further deflected by
bending segment 1 to point the laser beam on a black screen located in the
vicinity. The VSM is retracted back through the three rings following the
whole process in reverse order. This demonstration shows the uncoupled
actuation, bending, and shape locking capability of the two-segment VSM
while navigating a restricted environment and transporting laser beam as
a potential application for laser surgery.

The focus of this work is in maximizing the shape fixity of the VSM
by designing SMP spring with optimal dimensions, which has proven to be
effective in the above demonstrations. It is worth mentioning that a very
small deflection or bounce back of the SMP segment might occur as it be-
comes rigid. The amount of bounce back depends on broadly three factors:
shape fixity of SMP material, fabrication process, and overall design [365],
[366]. For the VSM design proposed here, the silicone tube and integrated
laparoscopic tools will also contribute to this effect. Therefore, it is chal-
lenging to estimate the exact amount of bounce back of the VSM owing to
the convoluted factors of SMP fixity and design-dependency. However, it is
safe to say that the bounce back is minimal and does not significantly affect
manipulation, especially under controlled magnetic actuation as shown in
the the biopsy and the laser surgery demonstrations (Supplementary Video:
S4-S5). For future clinical translation, commercially-available systems such
as Stereotaxis Niobe magnetic navigation system (Stereotaxis, USA) and
Aeon Phocus (Aeon Scientific AG, Switzerland) can be used for the mag-
netic actuation of the VSM [39], [367]. Furthermore, the biocompatibility
of polyurethane SMPs has been reported in other work [368]; however, the
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biocompatibility of the overall design needs to be evaluated.

6.3 Experimental Section

6.3.1 Stiffness Characterization

The three VSMs designed for the characterization experiments have the
following number of active coils (n), inner (Di) and outer diameters (Do)
of silicone tube, and thickness (t), inner (di) and outer diameters (do) of ring
magnets: n = 3.5, 4.5, 5.5; Do (mm) = 2.5, 3, 2.5; Di (mm) = 1.2, 2, 1.5;
t (mm) = 1, 2, 2; do (mm) = 4, 4, 6; di (mm) = 1.5, 1.5, 2; corresponding
to VSM-1, VSM-2, VSM-3, respectively.

6.3.2 Magnetic Actuation

The stiffness characterization experiments are conducted in an electromagn-
etic coil setup (PaCMag), which can generate a maximum magnetic field
of 55 mT [337]. The VSM is suspended in the cylindrical workspace (equal
radius and height of 65 mm) and magnetic fields (B = 30 mT and 40 mT)
are applied to deflect the manipulator. The resulting bending moment (M )
acting on the VSM is given by, M = µµµ×B, where µµµ is the dipole moment
of the magnet attached to the VSM. Thirteen experiments each in glass
and rubber phases, are conducted for the three VSMs at various extended
lengths and at different radial orientations of the SMP spring. Each ex-
periment is repeated twice for bending in either direction. The deflection
(θ) of the VSM is measured by a camera (FLIR Blackfly S USB3 camera,
USA) which tracks the tip of the VSM.

6.3.3 Thermal Actuation

The heating and cooling behaviour of a SMP wire of length 15 cm, SMP
spring with 3.5 active coils and VSM-1 are analysed. Each of the samples is
composed of a 0.12 mm diameter nichrome wire (resistivity ρ = 98 Ω/m) of
length 60 cm. The thermal actuation of the three samples is done by con-
necting the lead wires of the SMP to a power supply (TSX3510 - Precision
DC Bench Power Supply, UK). Seven measurements of the temperature are
taken using an infrared camera (Fluke Ti400 Infrared Camera, Washing-
ton, USA) while the samples are heated with currents 0.1, 0.2 and 0.3 A,
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and cooled at room temperature (≈ 27°C). The measured data is processed
using the Fluke Connect software.

6.3.4 Applications

The one-segment VSM and two-segment VSM designs used for the demon-
strations are made of one segment having 5.5 coils and two segments hav-
ing 4.5 coils, respectively. Magnetic field is generated by moving a N45
neodymium disc magnet (diameter = 70 mm and height = 35 mm), which
is connected to the end effector of a robot (UR5, Universal Robots, Den-
mark). The trajectory of the robot carrying the magnet is planned and
programmed for each of the experiments. The magnet is held at a distance
of 50-100 mm away from the VSM during the experiments resulting in the
generation of 20-70 mT magnetic fields. For endoscopy and biopsy demon-
strations, a miniature camera of diameter 0.91 mm (MD-B1000-120-01,
Misumi Electronic Corporation, Taiwan) and a Diamond Cut™ Cold Snare
of diameter 10 mm (Micro-Tech Endoscopy, China) are used. Experiments
are performed in an anatomical model of the stomach (193 mm × 30 mm
× 156 mm), and 3D printed elastic dome-shaped polyps of size 8 mm are
glued on different locations. For laser application, a 0.2 NA 50/125 graded
index multimode optical fiber (Plasma Optical Fibre B.V., Netherlands) is
integrated to the VSM. A diode-pumped solid-state laser (37-028, Edmund
Optics, USA) and an objective lens 5X (M Plan Apo, Mitutoyo, Japan) are
used to couple and transmit the laser light through the fiber. The three
rings of inner diameters 15 mm with centers at heights of 50 mm, 60 mm,
and 70 mm are 3D printed and are positioned with spacings of 25 mm and
35 mm.

6.4 Conclusions

A new design of a magnetically-actuated VSM with a silicone backbone and
enclosed within deployable SMP springs is presented in this work. Variable
stiffness is attained with phase change and expansion of the SMP springs.
The SMP springs with embedded resistive wires are fabricated using a novel
process of re-training the primary shape of SMP. The optimal dimensions
of the SMP springs are determined by analysing the bending characteris-
tics of three VSM samples of different design parameters under magnetic
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actuation. Additionally, the thermal characteristics of the VSM are anal-
ysed using 1D transient heat transfer model and infrared camera images.
The coated resistive wires for Joule heating are seamlessly integrated in the
VSM and proven to generate uniform thermal actuation of the SMP. As a
result of preliminary design evaluations, a one-segment VSM of outer diam-
eter 9 mm, inner diameter 2 mm, with a working length in the range 15-70
mm, and a two-segment VSM of outer diameter 10 mm, inner diameter 1
mm, with a working length in the range 25-100 mm are developed. Thus,
both the VSMs are capable of increasing their respective lengths by 4 times
from their fully compressed forms to their fully extended forms. The one-
segment VSM is integrated with a miniature camera and a clinically-used
endoscopic cold snare to demonstrate endoscopy and biopsy applications
in a stomach phantom with gastric polyps. The two-segment VSM inte-
grated with an optical fiber for laser light delivery is maneuvered to follow
a sequential arrangement of three distinctly oriented rings in 3D.

The proposed concept of deployable VSM demonstrates the ability to
independently actuate and bend the two segments of the VSM to form
variable curvatures across varying lengths of the VSM. The variable work-
ing length of the VSM can be useful in inserting the VSM and steering to
reach the target surgical site with less likelihood of deviation of the VSM
from its intended path, and subsequent expansion of the VSM enhances
the range of motion and reach. Additionally, the entire shape of the VSM
can be fixed which is an effective way of stabilizing the VSM while de-
ploying laparoscopic tools through its working channel. The novel design
has potential to develop a new class of smart surgical manipulators with
controllable stiffness that can enhance instrument maneuverability to reach
difficult-to-access surgical sites safely.
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7
Discussion

This doctoral dissertation contributes to the rapidly expanding field of con-
tinuum manipulators for minimally invasive surgery (MIS) by designing
surgical manipulators based on compliant mechanisms (CMs) and variable
stiffness mechanisms. A magnetically-actuated flexure-based continuum
manipulator is developed using the concept of CMs. The localization and
steering accuracy of the manipulator are evaluated using rigid-link mod-
elling and embedded sensing. The variable stiffness of manipulators for
achieving high coiling deformation and deployable shape locking are inves-
tigated following two approaches based on mechanical sliding backbone con-
straint and shape memory effect, respectively. his dissertation has provided
a deeper insight into our understanding of the design, modeling, sensing,
and control aspects of surgical continuum manipulators. This chapter con-
solidates the significant findings that have emerged from this work, provides
suggestions for improvement, and recommendations for future research di-
rections.

7.1 Conclusions

7.1.1 Part I: Compliant Mechanisms

The first three research questions (RQ. 1-3) are investigated in this part.
In order to answer RQ. 1 on how CMs improve various surgical interven-
tions, the utility of CMs in surgical interventions is assessed in Chapter
2. The applications of CMs in the design of surgical devices are examined
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focusing on five key aspects: (i) Conceptual design and synthesis, (ii) anal-
ysis, (iii) materials, (iv) manufacturing, and (v) actuation. An exhaustive
account of all the methods pertaining to each of the aspects is formulated,
shedding light on their applications, pros and cons. To the best of our
knowledge, this study is the first comprehensive investigation of the surgi-
cal applications of CMs. In this survey, we identified 103 studies that report
the use of CMs in the development of surgical devices. Accordingly, the
surgical applications of CMs are broadly classified into five major groups:
(i) Grasping and cutting, (ii) reachability and steerability, (iii) transmis-
sion, (iv) sensing, and (v) implants and deployable devices. The review
highlights the advantages of CMs over typical rigid body mechanisms, with
innovative monolithic designs eliminating friction, wear, or backlash, and
attaining high precision and repeatability. However, the analysis of CMs
undertaken here has exposed some of the drawbacks of CMs related to
fatigue, stress concentrations, output efficiency, modeling methods, and
biocompatibility as a surgical device. This new understanding should help
to improve design of safe, dexterous, and cutting-edge surgical devices for
MIS.

The aforementioned review of the surgical application of CMs has shown
that CMs have been predominantly dedicated to enhance the range of mo-
tion and steerability of surgical instruments. Thereby, it consequently leads
us to RQ. 2, can a compliant surgical manipulator be designed for pre-
cise motion using magnetic actuation. Having established the significance
of CMs in the design of continuum manipulators, Chapter 3 moves on
to develop a new design of a compliant continuum manipulator which is
magnetically-actuated. This work presents a monolithic metallic manipu-
lator having an outer diameter of 3 mm and an inner working channel of
2 mm diameter, and attached with a permanent magnet at its tip. The
manipulator is fabricated by making a series of cuts along the length of a
titanium tube forming flexures. Each flexure acts as an elastic rotational
joint that enables the bending of the manipulator with the application of
an external force or moment. The novel notched-tube pattern of flexures
results in built-in mechanical motion constraints that keeps the stresses
within limits. A design framework based on cantilever beam modeling is
provided to design a single-axis and a two-axis bending design of the ma-
nipulator.

In the first proof-of-concept study, three single-axis bending designs of
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the manipulator are analysed under magnetic actuation using Helmholtz
coils. The mean errors between the theoretical model and the experiments
in estimating the in-plane position and orientation of the tip, and the whole
shape of the manipulators are reported as 1.9 mm, 5.1°, and 1.2 mm, re-
spectively across all three designs. The accurate maneuvering of the ma-
nipulator along a path of known curvature is demonstrated in a gelatin
phantom which mimics the stiffness characteristics of human tissue, and
visualized in real-time using ultrasound (US) imaging. These experiments
confirm the potential of the manipulator as a steerable surgical manipu-
lator. Compliant design coupled with magnetic actuation eliminates force
transmission mechanisms leading to miniaturized design of manipulators
that can be controlled without any contact using external magnetic fields.

A follow-up study with a two-axis bending design of the manipulator of
outer diameter 3 mm with an inner working channel of 1 mm diameter was
carried out to address RQ. 3. The question on improving the localization
of surgical manipulators using compliant design and sending modalities is
rasied here. Chapter 4 proceeds to describe in detail a quasi-static model
based on rigid link modeling to study the 3D motion characteristics of
the manipulator under magnetic actuation. For this purpose, a magnetic
actuation setup - PaCMag consisting of three pairs of electromagnetic coils
to generate magnetic fields in 3D with a cylindrical workspace of equal
radius and height of 65 mm is developed. Additionally, PaCMag is equipped
with two cameras forming a stereo vision system to capture the 3D shape
of the manipulator in the workspace which serves as ground truth. Static
experiments report an overall mean error in whole shape estimation of the
manipulator between the model and the ground truth of 1.7 mm and 4.8 mm
when suspended vertically and horizontally in the workspace, respectively.

In order to complement the shape estimation of the manipulator by
quasi-static model, a multi-core optical fiber inscribed with fiber Bragg
grating (FBG) sensors is integrated in the working channel of the manip-
ulator. This is the first work to demonstrate an improved shape sens-
ing method for the manipulator that unifies the FBG sensor data with
quasi-static model using an observer-based sensor fusion algorithm based
on Kalman state estimators. The proposed fusion algorithm does not re-
quire external imaging like cameras or ultrasound imaging to estimate the
tip pose of the manipulator. A closed-loop control strategy to trace a square
and a straight line trajectories with the tip of the manipulator is demon-
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strated with an average error in tip position of 4.1 mm between the desired
and estimated positions. Furthermore, the visualization and steering capa-
bilities of the manipulator under magnetic actuation are demonstrated in
clinically relevant phantoms of a bifurcating artery and a heart with the
integration of a miniature camera.

7.1.2 Part II: Variable Stiffness Mechanisms

In Part I of this thesis, we focused on CMs to design continuum manipula-
tors for enhanced steering and shape sensing. Delving into the concept of
variable stiffness mechanism for achieving specific functions with surgical
manipulators raised in RQ. 4, two different variable stiffness manipulator
designs are explored. Chapter 5 introduces a magnetic variable stiffness
robot (VSR) for cargo grasping or delivery. A stiffness change factor of 765
is attained with a 80 mm long, 10 mm×2 mm cross section VSR made of
silicone doped with ferromagnetic particles and embedded with a sliding
nitinol backbone. The ability of the VSR to grasp objects of varying sizes
in closed-loop with feedback from visual tracking is demonstrated by syn-
chronizing the movement of the sliding nitinol backbone with the actuating
magnetic field generated by PaCMag. The results support the necessity of
including a sliding backbone design as evident from the unsuccessful actu-
ation of the VSR without the backbone. A maximum coiling deformation
angle of 400◦ is achieved by the VSR which is otherwise not possible. The
high deformation coiling action of the magnetically-actuated VSR can be
advantageous for surgical applications related to grasping or biopsy. It
is also shown that the reversible coiling action does not depend on the
anatomical contact forces or the influence of the external environment.

Chapter 6 presents a novel design of a deployable variable stiffness
manipulator (VSM) which exhibits variable stiffness with variable working
length. The VSM has a concentric tube design with two nested concentric
silicone tubes as the backbone, enveloped by two extensible springs made of
shape memory polymers (SMPs), and with a permanent magnet at the tip.
The stiffness of the VSM is changed by phase change in the SMP induced
by Joule heating of nichrome wires, and the shape of the VSM is controlled
by application of magnetic fields. The stiffness and thermal characteris-
tics of three one-segment VSM designs are experimentally validated using
a cantilever beam model and a transient heat transfer model, respectively.
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As a result, one-segment and two-segment designs of VSM having outer di-
ameters of 9 mm and 10 mm, respectively and working lengths in the range
of 15-70 mm and 25-100 mm, respectively are developed. Potential clinical
applications of endoscopy, biopsy and laser ablation are demonstrated by
incorporating surgical tools like miniature camera, cold snare and optical
fiber in the working channel of the VSM. Experiments are conducted by
steering the VSM in a stomach phantom and a 3D obstacle course con-
sisting of rings, guided by the magnetic fields produced by a permanent
magnet attached to the end-effector of a robot arm. The VSM is designed
to be inserted in its compact form to reach target site with less risk of
undergoing any deviations from the planned path. The subsequent expan-
sion of the VSM with stiffness control enhances the range of motion and
attain complex curvatures. Moreover, the shape locking ability of the VSM
provides stability to deploy surgical tools through the working channel and
perform surgical tasks.

7.2 Future Work

This thesis lays the groundwork for future research into the development
of continuum manipulators for surgical interventions which is discussed in
three parts as follows.

7.2.1 Design and Fabrication

In Part I, a monolithic flexure-based continuum manipulator design with
built-in mechanical motion constraints is presented. Although the novel
notch pattern with mechanical constraints is designed to limit the stresses
in the flexures, it also limits the range of motion. A major drawback of this
design is that the maximum deflection angle is limited to 57°. This is due
to the contact between the adjacent wall of the tube taking place before the
flexures even make contact with the adjoining wall. There is, therefore, a
definite need to redesign the topology of the notches in order to increase the
range of motion (> 90°). A “tip-first-bending” design in which the heights
of the cuts are varied so that the distal notches bend before the proximal
notch, can increase the bending angle of the manipulator [116]. Asymmetric
notch topologies reportedly attain more tight bending curvatures compared
to symmetric notch topologies like our design, as the former can fold into
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themselves during articulation [44]. A varied combination of different notch
topologies is worth investigating in future manipulator designs.

The fabrication of the monolithic compliant manipulator using elec-
tric discharge machining (EDM) of a titanium tube proved to be effective.
However, plastic deformation was observed in single-axis bending design
which was overcome in the two-axis bending design by increasing the wall
thickness of the tube. An alternative to consider when scaling down the
design is to reduce the stress concentrations in the flexures by rounding
the corners using different diameters of the EDM wire. The fatigue life of
the manipulator also needs further investigation to determine its safety in
surgical applications.

In Part II, two variable stiffness mechanisms are developed for grasp-
ing and shape fixing purposes. The magnetically-actuated VSR with slid-
ing nitinol backbone demonstrates successful grasping of objects in-plane
supported horizontally by an acrlyic plate. Due to the rectangular cross-
section of the VSR, twisting of the VSR with retraction and insertion of
the backbone was problematic. This can be addressed by using braided
reinforcement in the design of the VSR [369]. The deployable VSM based
on SMP springs demonstrates a higher range of motion over the compliant
manipulator. However, the miniaturization of the VSM proved to be chal-
lenging owing to the fabrication limitations and the stiffness properties of
the used SMP. Hence, it is suggested to use a different SMP having a wide
range of elastic modulus to make it very rigid in glass phase and soft in
rubber phase [361].

7.2.2 Modeling and Sensing

A quasi-static model based on rigid link modeling is developed for the com-
pliant manipulator. Static experiment results show that the whole shape
estimation of the manipulator is more accurate when vertically suspending
the manipulator compared to horizontal suspension. Although the discrep-
ancy is attributed to the direction of gravity, a better stiffness approxima-
tion of the flexures would help us to establish a greater degree of accuracy
on this matter. A further study could examine the deformations charac-
teristics of a single flexure at micro-scale using a universal testing machine
and corroborate with finite element analysis. Furthermore, it is noted that
FBG sensors integrated to improve shape estimation also resulted in er-
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rors. This can be addressed by increasing the number and distribution of
the FBGs along the length of the manipulator, in addition to securely em-
bedding them on the manipulator. Previous work on FBGs also supports
the use of helical core fibers for improving twist measurements [314].

The stiffness characterization of the VSM is done using a cantilever
beam model which works well for small deflections (< 10°) while SMP is in
glass phase. An essential next step would be to apply large deflection theory
to assess the large deflections of the VSM. It is also important to fully
understand the implications of the thermomechanical behavior of SMPs
by implementing a 3D SMP constitutive model in geometrically nonlinear
finite element software [370].

7.2.3 Actuation and Control

Magnetic actuation forms the basis for all the manipulators developed in
this thesis. Most of the experiments are conducted in the magnetic actu-
ation setup - PaCMag, which has produced fruitful results in expanding
our understanding of the steering capability of the manipulators in a small
workspace. However, PaCMag did not allow us to evaluate the full po-
tential of the manipulators in a clinically-relevant setting. PaCMag posed
limitations on the magnetic fields it can generate, on incorporating a mobile
insertion setup and the heat generated by the coils affects the phase change
of SMP. A natural progression to circumvent these issues led us to opt for
robot-assisted magnetic actuation for the clinical application experiments
with the VSM. Further experimental investigations into the steerability
of the manipulators using systems like ARMM and DeltaMag, which use
mobile electromagnetic coils should be considered [371], [372].

Two closed-loop strategies to trace different trajectories with the com-
pliant manipulator and grasp various objects with the VSR are demon-
strated. Both the strategies rely on tip orientation information as feed-
back to compensate for model inaccuracy during control. Adaptive and
learning-based control methods can be considered to improve the accuracy
[373], [374]. It is also important to improve the accuracy of the feedback
for better results, motion models and disturbance observers can be used in
this regard [375], [376].
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7.3 Outlook

The results of this dissertation have shown that there is abundant room for
further progress in the research on continuum manipulators for MIS. The
findings drawn from CMs and variable stiffness mechanisms contribute in
several ways to the development of the next generation of cutting-edge
surgical manipulators. Building on the concept of CM with mechanical
motion constraints, there is a scope of designing active flexures and active
constraints. For instance, a manipulator can be designed using 3-DOF
compliant joints limited by SMP-based mechanical constraints. This will
allow the possibility to control the range of motion of the compliant joint
by varying the stiffness of the constraint. Another interesting prospect is
in designing active notch-tubed manipulators, which is based on a SMA
tube like nitinol composed of flexures. By locally activating the shape
memory property of specific flexures of the manipulator, complex bending
curvatures can be attained. Hence, the CMs joining forces with the shape
memory materials opens up new opportunities to create active compliant
continuum manipulators.

The novel concept of deployable VSM is one of the more significant find-
ings to emerge from our research on SMPs. The insights gained support the
idea of designing a deployable and modular multi-segment manipulator with
selective actuation, bending and extension capabilities. Origami-inspired
foldable structures can be explored to miniaturize the manipulator, facili-
tate the insertion process in surgery and reduce patient discomfort. Future
research on SMPs with a wide range of stiffness change while maintaining
a lower range of transition temperatures would strengthen the applications
of SMPs. Further investigation on incorporating electrical and thermal
conductive properties in SMP composite, and multi-material 3D printing
of SMP and conductive elastomer thermoplastic polyurethane is strongly
recommended. Moreover, SMP-based manipulators can be strategically
adapted to work using SMPs activated by other external stimuli such as
light-induced SMP, electro-active SMP and magnetically-induced SMP de-
pending on the application [377]. The use of such stimuli in addition to
magnetic actuation can supplement the degrees of actuation of the manip-
ulator.

For the localization of the manipulators, combining shape reconstruc-
tion based on modeling and sensors with medical imaging modalities like

146

7



i
i

“output” — 2023/3/13 — 10:57 — page 147 — #163 i
i

i
i

i
i

7.3 Outlook

magnetic resonance imaging (MRI), US imaging or endoscopy camera is the
imminent next step towards clinical practice [378]–[380]. A greater focus
on human-in-the-loop operation strategies with shared control using tele-
operation devices, and hybrid force/stiffness control considering the tissue-
tool interactions could produce interesting findings that account more for
surgical applications [52], [381]. Taken together, these recommendations
promote experimentation using robotic magnetic actuation. Considerably
more work will need to be done to determine a MIS workflow that integrates
a mounting and insertion setup for the manipulator, robotic positioning of
mobile electromagnets to generate the required magnetic fields, and test-
bed to accommodate the subject. These developments can further expedite
the improvement of existing commercial systems. For example, cardiac ab-
lation is performed using a 4 mm flexible catheter (NaviStar-RMT, Biosense
Webster, Inc., USA) integrated with small permanent magnets, controlled
using the Niobe magnetic navigation system (uniform magnetic field: 80
mT) and a motor drive (Cardiodrive, Stereotaxis, Inc., USA) [38].

A number of important implications for future clinical translation has
resulted from this dissertation. It is foremost essential to investigate the
bio-compatibility of the manipulators. The interaction of the manipula-
tors inside human body in the presence of blood and tissue needs to be
studied. Further experiments using a broad range of soft tissue phantoms,
animal tissue, and human cadaver could shed more light on the capabili-
ties of the manipulators. Subsequently, a decision has to be made whether
the manipulators could be used as a disposable surgical instrument and
what surgical procedures can be targeted. The manipulators also have to
meet the Medical Device Regulation (EU) 2017/745 of the European Union,
in which they undergo a clinical evaluation and obtain CE-marking [382].
We envision that the designed manipulators could serve as end-effectors
for robotic surgical systems like the Da Vinci tools. The compliant ma-
nipulator of 3 mm diameter is comparable to the 2 - 3.33 mm Magnellan
robotic catheters [312]. Depending on the application, the bending angle
of steerable catheters can be between 45°and 180°(SwiftNINJA Steerable
Microcatheter by Merit Medical Systems, USA), up to 270°(Artisan Extend
Control Catheter by Hansen Medical, USA) or even 360°in some cases. En-
doscopes generally have insertion tube outer diameters in the range 2.6
– 13.7 mm, instrument channel internal diameters in the range 1.2 – 4.2
mm, and working lengths in the range 270 – 2500 mm. It is therefore
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suggested that designs like the VSR and VSM could be useful as a soft
grasper for biopsy applications, and for stable deployment of surgical tools
in endoscopy and laparoscopy applications.

While these studies suggest a lot of promise, significantly additional
work needs to be done to clinically investigate the design viability, the
benefits over existing standard treatment and the regulatory requirements
to make it a reality. The empirical findings of this doctoral research have
unraveled avenues for a new class of smart surgical manipulators which can
reduce operation invasiveness to efficiently and safely operate in difficult-
to-access surgical sites.
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A
Supplementary information for Mag-

netic Compliant Continuum Manipu-

lator

A.1 Load Capacity

The distal force-bearing capacity of the manipulator is calculated in this
section by considering three different loading conditions during bending,
extension and compression.

A.1.1 Bending bearing load

In this case, the manipulator is subjected to bending. If we consider the
sectional view of one segment of the manipulator as shown in Fig. A.1,
one half of the rigid tube is approximated to have a semi-cylindrical cross-
section. When the manipulator is bent to its maximum, each section is
subjected to a force (Fbend) at its end due to contact with the next segment.
The bending bearing load will be the maximum value of Fbend before failure.
For the semi-cylindrical cross-section, the centroid (ȳ) and second moment
of area (I) are given by,

ȳ =

∫ R
0 ydA∫ R
0 dA

, (A.1)

I =

∫ R

0
y2dA, (A.2)
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Figure A.1: (a) Section view of one segment of the manipulator with a cut
made perpendicular to its plane along the red line (b) One half of the cut
section of the segment (c) Semi-cylindrical cross-section of the cut segment.

where dA =W (y)dy = (R cos θo − r cos θi)dy; sin θo = y/R; sin θi = y/r; R
= 1.5 mm; r = 1 mm. Substituting these values to (A.1) and (A.2) gives,

ȳ =

(∫
R

0
yR

√
1− y2

R2 −
∫

r

0
yr

√
1− y2

r2

)
dy(∫

R

0
R
√
1− y2

R2 −
∫

r

0
r
√
1− y2

r2

)
dy

=
4(R2 +Rr + r2)

3π(R+ r)
, (A.3)

I =

∫ R

0

y2R

√
1− y2

R2
dy −

∫ r

0

y2r

√
1− y2

r2
dy =

π(R4 − r4)

16
. (A.4)

The bending bearing load is given by,

Fbend =
σyI

Liȳ
. (A.5)

where σy = 345 MPa, is the yield strength of titanium. Substituting
other parameters, we get the bending loads for the three designs as follows:
FA
bend = 151.67 N; FB

bend = 151.67 N; FC
bend = 206.83 N.
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A.2 Spatial Manipulator Jacobian Calculation

A.1.2 Extension bearing load

In this case, the manipulator is subjected to an extension load which is
carried by the flexures. Therefore, the extension bearing load is given by,

Fext = σyA. (A.6)

Where A = 2wt = 2w(R− r), is the cross sectional area of the two flexures
in a segment. Substituting other parameters, we get the extension bearing
loads for the three designs as follows: FA

ext = 13.80 N; FB
ext = 22.42 N; FC

ext

= 10.35 N.

A.1.3 Compression bearing load

In this case, the manipulator is under compression and the critical load
to be calculated is the buckling load (Pcr) which is given by the Euler’s
formula as

Fcomp = Pcr =
π2EI

l2
=
π2Ew3t

12l2
. (A.7)

Substituting other parameters, we get the compression bearing loads for
the three designs as follows: FA

comp = 2.45 N; FB
comp = 10.54 N; FC

comp =
1.92 N.

A.2 Spatial Manipulator Jacobian Calculation

This section presents the procedure to calculate the spatial manipulator
Jacobian for the rigid-body model of the manipulator described in Section
III-A. Each spherical joint (i) undergoes three angular deformations: βi, γi
and αi. Assuming the transformation matrix (Ti+1

i ) from joint (i) to joint
(i+ 1) is defined as

Ti+1
i =

[ cβicγi sαisβi−cαicβisγi cαisβi+cβisαisγi licβicγi
sγi cαicγi −cγisαi lisγi

−cγisβi cβisαi+cαisβisγi cαicβi−sαisβisγi −licγisβi
0 0 0 1

]T

, (A.8)

where c∗ and s∗ represent the cosine and sine of angle (*). Note that the
first link (l1) is rigidly attached to the base frame at point (r1), hence β1
= γ1 = α1 = 0. The position coordinates of each joint (i) are computed as[

ri
1

]
=

i−1∏
j=1

Tj+1
j .

[
r1
1

]T
, (A.9)
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The position vector (p∗ ∈ R3) and the rotation axis (ω∗ ∈ R3) of spher-
ical joint (i) are given by

pβi
=

[
li−1 0 0

]T
,pγi =

[
0 0 0

]T
,pαi =

[
0 0 0

]T
. (A.10)

ωβi
=

[
0 1 0

]T
,ωγi =

[
0 0 1

]T
,ωαi =

[
1 0 0

]T
. (A.11)

The geometric twist between two successive DoFs is calculated using the
above equations as follows

ξβi
=

[
pβi

× ωβi

ωβi

]T
=

[
0 0 li−1 0 1 0

]T
, (A.12a)

ξγi =

[
pγi × ωγi

ωγi

]T
=

[
0 0 0 0 0 1

]T
, (A.12b)

ξαi =

[
pαi × ωαi

ωαi

]T
=

[
0 0 0 1 0 0

]T
. (A.12c)

The spatial manipulator Jacobian (JΘ ∈ R6×6) is computed using the
set of angles (Θ ∈ S6) that describe the configuration of the rigid-body
model as follows

Θ =
[
β2 γ2 α2 β3 γ3 α3

]T
, (A.13)

JΘ =
[
ξ′β2

ξ′γ2 ξ′α2
ξ′β3

ξ′γ3 ξ′α3

]
, (A.14)

with

ξ′βi
= Ad

(
T2

1 . . . T
i−1
i−2

∣∣
li−1=0

)
ξβi

, (A.15a)

ξ′γi = Ad
(
T2

1 . . . T
i
i−1

∣∣
li=0,γi=0

)
ξγi , (A.15b)

ξ′αi
= Ad

(
T2

1 . . . T
i
i−1

∣∣
li=0,αi=0

)
ξαi , (A.15c)

where Ad(T) is the adjoint transformation of transformation matrix T.
The details of the above derivation can be found in [383].
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A.3 Observer-based Fusion Derivation

A simplified kinematics-based model is developed with a disturbance term.
Furthermore, it is assumed that the dynamics of the manipulator can be
approximated by a linear time-invariant model. More information on the
formulation of the system dynamics and the disturbance dynamics can be
found in the work by Denasi et al. [307]. The Kalman filter uses the
model with a suitable update term to estimate state variables that cannot
be measured. The Kalman filter has two phases at each sampling loop:
prediction and update. Prediction is applied on the augmented system
dynamics, where the system is observable. The state estimate is obtained
using the discretized system dynamics as follows

x̂k+1|k = Adx̂k|k +Bdu(k) , (A.16)

where x̂k|k is the estimate of x̂ at time instant k given observations up to
and including at time k. u(k) is the control input, Ad and Bd are the
discretized terms of the augmented system. The predicted estimate of the
error covariance matrix is given by

Pk+1|k = cov
(
xk+1 − x̂k+1|k

)
= AdPk|kA

T
d +Q , (A.17)

where Q ∈ R3(nd+np)×3(nd+np) is the covariance matrix of the process noise
in the three coordinate axes, nd and np are the order of the plant and
disturbance dynamics, respectively. In the update phase, the state estimate
is corrected with an innovation term involving the measurements.

x̂k+1|k+1 = x̂k+1|k +Kk+1

[
y(k)−Cdx̂k+1|k

]
, (A.18)

where y(k) is the measurement data from the model and FBG sensors at
time k and Kk+1 is the optimal Kalman gain calculated as

Kk+1|k+1 = Pk+1|k
[
CdPk+1|kC

T
d +R

]−1
, (A.19)

Here, R ∈ Rl×l is the covariance matrix of the measurement noise and l = 6
represents the number of the measurement data from the sensors. Finally,
the estimate of the error covariance is updated as follows

Pk+1|k+1 =
[
I(nd+np) −Kk+1Cd

]
Pk+1|k , (A.20)
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where I(nd+np) is the identity matrix and Cd belongs to the disturbance
dynamics measurement. Therefore, the estimated pose of the manipulator
is obtained from the fused position (pest ∈ R3) and orientation (θest ∈ S3)
computed using (A.18).
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B
Supplementary information for Variable

Stiffness Manipulator

B.1 Stiffness Characterization

The three designs of VSM are tested in an electromagnetic setup (PaC-
Mag) which consists of three pairs electromagnetic coils oriented orthogonal
with respect to one another to generate a maximum magnetic field of 55
mT in three dimensions [337]. The VSMs are suspended vertically in the
workspace of PaCMag and subjected to magnetic actuation rotating about
the y axis. A camera tracks the motion of the VSM as shown in Fig. B.1.
The resulting bending moment (M ∈ R3) on the VSM due to the applied
magnetic field (B ∈ R3) is given by

M = µµµ×B = |µµµ|Ry(θ)ẑ×B, (B.1)

where µµµ ∈ R3 and θ ∈ S are the dipole moment of the magnet attached to
the VSM and the lateral deflection of the VSM, respectively, and Ry(θ) ∈
SO(3) is the rotation matrix about the y axis. The lateral deflection of the
VSM is calculated using

θ =
ML

(β + EsIs)
, (B.2)

where Es and Is are the elastic modulus and area moment of inertia of the
silicone tube, respectively, L is the length of the VSM, and β is the bending
rigidity of the SMP spring.
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B. Supplementary information for Variable Stiffness Manipulator

Figure B.1: Experimental setup for the stiffness characterization of one-
segment variable stiffness manipulator (VSM): a) The electromagnetic
setup (PaCMag) used for magnetic actuation of the VSM. The dashed
rectangle represents the workspace where the three designs of VSM are
suspended vertically and deflected using magnetic field of 40 mT in b)
glass phase and c) rubber phase. Maximum bending angle in rubber phase
observed using PaCMag and a handheld permanent magnet for: d) one-
segment VSM and e) two-segment VSM.

The bending of the one-segment VSM and the two-segment VSM in
their fully extended lengths in rubber phase are tested in PaCMag and using
a handheld permanent magnet (N45 neodymium disc magnet of diameter
= 70 mm and height = 35 mm). Both the designs can bend up to an
angle of 90° when using a magnetic field of 40 mT in PaCMag. However,
a higher bending angle of 180° is also possible for both the designs when
using the handheld permanent magnet with a magnetic field strength of
70 mT. These bending angles can be observed in Fig. B.1d and B.1e.
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B.2 DiAPLEX Shape Memory Polymer

In this work, a DiAPLEX SMP, MP3510 (SMP Technologies Inc., Japan)
with a glass transition temperature (Tg) of 35°C is used. The differential
scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) for
MP3510 cured in one step for 4h at 80°C have been reported in the work
by Baer et al. [366]. Two heating/cooling cycles were used for DSC mea-
surements. The shear storage modulus (G'), shear loss modulus (G''), and
the ratio of loss to storage modulus (tan δ) were plotted as a function of
temperature; glass transition temperature (Tg) was determined from the
tan δ peak, and the glassy and rubbery moduli of elasticity were obtained
from the G'curve. The results reported are as follows: Tg by DSC first heat
= 31.3°C; Tg by DSC second heat = 25.2°C; Tg by tan δ = 46.1°C; Glassy
plateau modulus = 520 MPa; Rubbery plateau modulus = 1.2 MPa.

In order to achieve shape fixity, the SMP spring is designed for high
stiffness in the glass phase of SMP and low stiffness in the rubber phase
of SMP. It is worth mentioning here that the shape fixity will also depend
on the shape fixity rate of the SMP. The shape fixity rate (Rf ) quantifies
the extent to which a SMP material can retain its temporary shape in
stress-free conditions and is given by [365],

Rf (N) =
εu(N)− εp(N − 1)

εm − εp(N − 1)
, (B.3)

where εu(N) is the strain present in the stress-free state after unloading the
sample in the N th cycle, εm is the maximum strain applied to the sample
in %, and εp(N − 1) is the residual strain in the permanent shape after
(N − 1) cycles. A few studies have investigated the shape fixity rate of
the DiAPLEX SMP. Baer et al. reported the shape fixity between 96%
and 99.5% for MP5510 which has a glass transition temperature of 55°C,
and noted that high elastic modulus in glass phase correlates with high
shape fixity [366]. The shape fixity rate of MP3510 used in this work is not
known, and there is uncertainty in the stiffness value of the SMP as the
glass elastic modulus is temperature-dependent. The focus of this work is
on designing the SMP spring with optimal dimensions for maximizing the
shape fixity as discussed in Section B.1.
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B.3 Applications

The demonstration of endoscopy, biopsy, and laser surgery applications
using the one-segment and two-segment VSMs are conducted in the exper-
imental setup shown in Fig. B.2. The insertion and elongation of the VSM
is done by pushing/pulling the silicone backbone by hand as needed. A
robot arm (UR5, Universal Robots, Denmark) attached with a permanent
magnet is used for the magnetic actuation of the VSM. For the demonstra-
tion, the trajectory of the robot is pre-planned to generate the required
magnetic fields for deflecting the VSM. This is done by programming dif-
ferent waypoints to move and orient the robot end-effector carrying the
magnet to specific locations in the workspace.



i
i

“output” — 2023/3/13 — 10:57 — page 207 — #223 i
i

i
i

i
i

Figure B.2: Experimental setup for the demonstration of endoscopy, biopsy,
and laser surgery applications of the variable stiffness manipulator (VSM):
a) One-segment VSM inserted in a stomach phantom with the guidance of
a permanent magnet attached to the end-effect of a robot. b) Test setup
for transmitting laser light though an optical fiber. Two-segment VSM
integrated with the optical fiber is steered to navigate through three rings
oriented in 3D. c) Top view of the stomach phantom with polyps. d) 0.91
mm miniature camera used for the endoscopy demonstration. e) Diamond
Cut™ cold snare used for the biopsy demonstration. f) Optical fiber used
for the laser surgery demonstration.
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