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CHAPTER 1

INTRODUCTION

1.1 Overview of this Dissertation

The applications of Continuum Robots (CRs) in surgery have seen a rapid growth

in the last two decades. The design of these robots requires unique electro-mechanical

architectures of Actuation Units (AUs) and their End-Effector (EE) that satisfy operational

requirements of precision, workspace, and payload capabilities. The ability of these robots

to circumvent anatomical obstacles while preserving distal dexterity for surgical manip-

ulation has motivated research on a variety of surgical applications. Examples include

trans-oral surgery of the upper airways [2, 3, 4], trans-esophageal surgery [5], trans-nasal

surgery [6, 7], frontal sinus exploration [8], single port access surgery [9, 10], transurethral

bladder cancer exploration [11] and resection [12], neurosurgery and skull base surgery

[13, 14], and orthopedics [15, 16, 17, 18]. Moreover, CRs can navigate deep into human

anatomy for surgical intervention showing dexterous motion capabilities in confined spaces

for applications involving natural orifice surgery as shown in [19, 20, 21, 22, 23].

Despite the recent rapid growth of research activity on continuum robots for surgery,

there are limited number of commercial robotic platforms that use continuum robots. The

vast majority use catheters for neurological applications, pulmonology (Monarch Platform

by AURIS), and cardiac catheterization ([24, 25]). Unlike the mechanical architecture of

most of these systems, a new class of continuum robots called multi-backbone continuum

robots (MBCR) was presented in [26, 2]. These robots present challenges that require

unique approaches to modeling, control, and design.

1



In this work, we focus on several critical aspects for successful MBCR use for surgery.

The first part of the thesis (chapter 2) presents design considerations for custom actuation

units for MBCRs with key considerations of pre-clinical deployability for transurethral

bladder tumor resection (TURBT). The second part of the thesis (Chapters 3) focuses on

a new class of continuum robots capable of providing multi-scale manipulation. These

robots achieve their micro-motion in a unique way by altering their static equilibrium. We,

therefore, call this class of robots "continuum robots with equilibrium modulation" and use

the acronym CREM to designate them. At the micro-motion scale, these robots present

unique challenges in terms of motion tracking, kinematic modeling, and control. These

challenges are addressed in chapters 4, 5, 6 respectively. To further extend the investigation

of continuum robots design feasible for surgical application, chapter ?? presents prelimi-

nary design consideration and testing of a new design for an antagonistic pair actuated

continuum robot and its preliminary study on neurological and ophthalmic application

The following sections present the detailed motivation for each one of the areas related

to the design embodiment and control of MBCRs and CREM robots. These sections aim

to identify the scientific/technical need in each one of the three core areas of this thesis.

Figure 1.1 presents the areas of research covered by this work along with the clinical

applications motivating these works.

Figure 1.1: Overview of the research areas covered in this dissertation.
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1.2 Motivating Clinical/Technical Needs and Contributions of this Work

This work was motivated by observations of challenges and potential for improvement

in several surgical domains. These challenges include dexterity enhancement, the design of

robots for deep access while considering clinical needs, precision enhancement for micro-

surgery, and the use of imaging feedback for microsurgery. The following are the three

core areas where we identified technical and application needs in robot-assisted surgery:

1.2.1 Design of highly dexterous robots and their actuation mechanisms

In the area of dexterous manipulation in confined spaces, TURBT presents unique

challenges discussed in detail in [27, 19]. Although TURBT is a commonly performed

procedure, it is still challenging for surgeons. Patients are often required to undergo re-

TURs (repeat TURBT) multiple times during their course of treatment due to inaccurate

or insufficient resection of the tumorous tissues. Insufficient resections may be due to tool

limitations such as lack of intracavitary distal dexterity, ability to precisely control depth of

resection, and to optimize in-vivo visualization.

The need for multi-segment highly-dexterous continuum robots arises from access chal-

lenges and the need to operate in confined spaces. To date, most catheter systems are

limited to one segment or at most two segments that are separated with a large distance

(e.g. see [28, 29]). When designing these robots several considerations for actuation unit

design need to be simultaneously accounted for when designing the robot itself. Separating

these steps may produce a design that requires very expensive actuators due to unrealistic

precision and speed requirements. Furthermore, prior works rarely discuss design consid-

erations for pre-clinical deployability within the context of continuum robots. In certain

scenarios, detachability of the actuation unit is a strong requirement for successful system

deployability. In Chapter 2 we discuss these challenges within the context of TURBT and

present the task-based design process of a compact nine degrees of freedom (DoF) actuation
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unit (AU) for transurethral resection of bladder tumor (TURBT). This AU has a unique

modular architecture allowing partial decoupling of actuation, force, and position sensing

in a compact modular format. The derivation of task specifications based on kinematic

simulations takes into account workspace, accuracy, and force application capabilities for

TURBT. Design considerations for supporting modularity, serviceability, sterilization, and

compactness are also presented. Finally, experimental evaluation of performances and

animal lab testing are reported. The detailed exposition of the design process serves as a

case study that will be helpful for other groups interested in the development and integration

of surgical continuum robots.

1.2.2 Challenges of precision and the need for both macro and micro-scale motion

In addition to motion maneuverability in confined spaces, surgical robots often need

millimetric-level precision for most clinical applications (e.g. see [30]). The previously

mentioned applications typically require a large range of motion and millimeter-level pre-

cision. There are, however, a host of potential applications that require a very small micro-

motion workspace with micrometer-level precision. Most challenging micro-surgical tasks

such as micro-anastomosis and micro-vascular reconstruction (e.g. in hand and plastic

surgery) are currently performed with an open surgical approach (e.g. see [31, 32, 33, 34]).

Some of the challenges of microsurgery relate to reconciling motion scaling and magnifi-

cation [35, 36] and lack of force or tactile feedback [37, 38, 39, 40, 41] which are important

for micro-vascular reconstruction [42, 43, 44]. In this direction, works on CRs have focused

mostly on several architectures reviewed in [45, 46]. The multi-backbone continuum robot

(MBCR) architecture is a parallel robot architecture with constrained flexible legs. By

extending the length of these legs, these robots can achieve controllable bending. Such

robots can obtain a large workspace and high precision approaching the limits of visible

motion when operated under normal endoscope visualization. For example, the Insertable

Robotic Effector Platform (IREP) [47] has been shown to achieve ≈ 300µm precision
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under telemanipulation and a much higher motion resolution [10]. Other continuum robot

architectures such as concentric tube robots [48, 49] can offer large motion. Such robots

achieve their motion through changes in the static equilibrium of antagonistic pre-bent

tube pairs. Although these robots could theoretically be designed to achieve micro-motion,

they are incapable of providing multi-scale motion because macro-scale motion requires

a large curvature difference between their antagonistic tube pairs. This requirement is

contrary to achieving high-motion resolution for micro-scale motion. Additionally, the

increased task completion times (e.g. see [50]) occurring when a large motion scaling

factor is used throughout the robot workspace impedes robotic technique adoption since

surgical time is associated with increased complications [51, 52] and cost. Furthermore,

while the limitation presented by precision and physiological tremor have been addressed

with robotic assistance, image-guided diagnosis and intervention have generated better

outcomes of surgical procedures and improved surgeon performance. Several applications

could benefit from the combination of robots with micromotion capabilities and image

feedback modalities. Such applications include micro-surgery, cellular-level surgery, and

image-based biopsy which was motivated by the early works of [53] of optical coherence

tomography (OCT). The needs of such a system and the potential applications previously

mentioned have motivated the investigation (presented in Chapter 3) on the design, mod-

eling, and control of CRs and CRs with multi-scale motion capabilities (defined as macro-

motion and micro-motion capabilities).

Most works focusing on multi-scale motion use serial stacking of a micro-motion and a

macro-motion robot. Such solutions may be difficult to miniaturize or to design in a manner

that respects size, cost, and sterilizability constraints imposed by the surgical scene. For

example, miniature parallel robots have been designed for surgical applications [54, 55].

Other systems incorporated parallel mechanisms on top of serial mechanisms for surgery,

e.g., [56]. To date, there are no robotic systems capable of offering macro-scale and micro-

scale motion capabilities in a form factor that can be easily miniaturized for dexterous
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surgical intervention. The main goal of this work is to address this need for robots capable

of multi-scale motion in a form factor that respects cost and deployability constraints in

surgery. The goal is achieved by offering a new design of MBCRs capable of multi-scale

motion. These robots achieve macro-motion in the same way MBCRs do through the direct

actuation of their backbones. They achieve micro-motion through modulation of their static

equilibrium as explained in Section 3.3.

However, one of the challenges of controlling robots implementing equilibrium mod-

ulation is the difficulty in achieving an accurate closed-form solution for their equilibrium

pose as a function of the location of the equilibrium modulation joints. This difficulty stems

from the lack of a direct functional relationship between input variables and the resulting

change in the shape of these robots. This difficulty is further compounded by uncertainty

about material properties and friction and a lack of control feedback sensory data at the end-

effector level. This work comes as a first step in creating verifiable modeling and control

techniques for the system using continuum robots with equilibrium modulation. To achieve

this, there is a need for a high-precision motion tracking solution. While commercially

existing trackers are suitable for motion resolution on the order of millimeters to meters,

there is a sparsity of trackers capable of sensing resolutions below 200 µm. Recent ad-

vances in sensor technology have produced new trackers (e.g. Optical 3D measuring system

CamBar B1 by AXIOS 3D Services GmbH) capable of 15µm accuracy. With applications

of image-based biopsies, there is a need for tracking accuracies of 1-3 µm to obtain very

high-resolution images. The needs of tracking such fine motion are addressed in Chapter 4.

This chapter focused on offering a solution for visual tracking with sub-micron precision,

validating the micro-motion capabilities of these robots.

In this direction, the contribution of this work relative to prior studies is in offering a

solution for a continuum robot that can provide multi-scale motion. The work presented

in chapter 5 offers new modeling insights that explain the micro-motion of these robots.

Specifically, the explanation of the turning point phenomenon reported in 4.10.2, which
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was observed in the early stage of the project. In addition to explaining this phenomenon

using different approaches, detailed kinematic models are depicted to achieve closed-loop

control of the multi-backbone CRs.

1.2.3 Image-guided surgery using micro-scale imaging feedback

OCT for image feedback in a robotic system to enable OCT-guided robotics telema-

nipulation is a fairly new approach and still in its infancy. Besides early works about

OCT guidance presented in [57, 58], there are very few examples of OCT integrated into

a robotic system like in [59], where a concept of OCT-guided intervention using a parallel

robot and a custom B-mode OCT probe was introduced. Other works in this domain include

[60, 61, 62] where a hand-held robot was introduced for stabilizing the depth of a needle-

based on an integrated A-mode OCT probe. This work was extended in [62] for 3-axis

needle tip stabilization using an A-mode OCT probe. Balicki et al. [63] also used depth

virtual fixtures using A-mode OCT. OCT-guided needle placement using an external OCT

was demonstrated in [64] for deep anterior lamellar keratoplasty.

Despite the progress, to date, there are no works that present a deployable B-mode

OCT probe that can be integrated within a continuum robot for enabling micro-motion

closed-loop control and in-situ 3D OCT imaging. Chapter 6 demonstrates a system-level

integration and validation of volumetric 3D OCT and demonstrates micro-macro motion

control with an application of visual servoing OCT-guided injection using CREM robot.

1.2.4 APCR Device for surgical application

With the recent trend in more minimally invasive surgical techniques, the need for

very small, very flexible structures that can be used as part of surgical manipulators has

increased. Similar previous works have explored flexure-based designs [65] for miniature

wrists that can explore small features. Moreover, surgical applications are often requiring

high distal dexterity and the ability to deploy extra tool or visualization devices. These
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requirements can be satisfied by offering a working channel throughout the device that

would allow tool deployability or an extra vision/diagnostic modality such as OCT.

The work presented in chapter 7 discusses the preliminary results of design effort

and kinematic modeling of a miniaturized 2 DoF 2 segment antagonistic pair actuated

continuum robot (APCR). The design effort and preliminary testing of a task-based ex-

periment within the context of enabling dexterous intravenous navigation for ischemic

stroke treatment are presented. Moreover, the preliminary constrained kinematic model

for intraocular motion is derived and verified through an intraocular task-based simulation

analysis.

1.2.5 Statically balanced parallel mechanism

Balancing parallel robots throughout their workspace while avoiding the use of bal-

ancing masses and respecting design practicality constraints is difficult. Medical robotics

demands such compact and lightweight designs. It is convenient to consider the difficult

task of achieving optimal balancing of a parallel robot throughout a desired task-based

dexterous workspace. While it is possible to achieve perfect balancing in a path, only

optimal balancing may be achieved without the addition of balancing masses.

The work presented in chapter 8 discusses design considerations of optimal robot base

placement and the effects of placement of torsional balancing springs represents a relatively

advantageous solution in terms of design simplicity. Using a modal representation for the

balancing torque requirements, we use recent results [66] on the design of wire-wrapped

cam mechanisms to achieve balancing throughout the workspace.

A simulation study shows that robot base placement can have a detrimental effect on the

attainability of a practical design solution for static balancing. Also, we show that optimal

balancing using torsional springs is best achieved when all springs are at the actuated

joints and that the wire-wrapped cam design can significantly improve the performance

of static balancing. The methodology presented provides practical design solutions that
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yield simple, lightweight, and compact designs suitable for medical applications where

such traits are paramount.
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CHAPTER 2

TURBT - CONTINUUM ROBOT ENABLING DEXTEROUS TRANSURETHRAL

BLADDER CANCER RESECTION

The following chapter introduces the design and testing of a telemanipulated transurethral

robotic system for Transurethral Resection of Bladder Tumors (TURBT). The work pre-

sented in this chapter focuses on design considerations for actuation unit of surgical con-

tinuum robots. This work has been published in [67]. Other aspects of this work were

published in [68, 69, 19] where experimental evaluation of TURBT system was presented.

2.1 Introduction

Bladder cancer is the fourth most common cancer among men in the US, with an

estimated 74,000 new cancer diagnoses and 16,000 related deaths predicted for 2015 [1].

Beside few improvement of the instrumentation for transurethral procedures over the past

few decades [70, 71, 72]. With the use of new technologies, important progress and

significant improvements on the surgical tools are suitable for urology procedure in terms

of dexterity, accuracy and repeatability.

Transurethral Resection of Bladder Tumor (TURBT) is the current gold standard for

staging and diagnosis of bladder cancers and treatment of non-muscle invasive tumors

(NMIBC) but despite recent improvements, TURBT is still characterized by high patient

morbidity [73, 74]. Because of the high recurrence rate, Bladder Cancer is the most

expensive treatment per patient of all the cancers [75, 76], this is mainly associated with

incomplete cancerogenic tissue resection on initial Trans-Urethral Resection [77, 78] or
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bladder wall perforations during TURBT [79, 78]. During this procedure, a urologist inserts

a rigid device called a resectoscope inside the bladder through the urethra. Diagnosis or

treatment is achieved by first locating the tumors on the bladder surface and then resecting

them using an electrocautery loop deployed through the resectoscope by moving the loop

back and forth through the tumorous tissue and cutting it away. Typically, TURBT is

performed using the standard imaging technique, called white light cystoscopy and the

visualization is provided through an endoscope rod lens. Although TURBT is a commonly

performed procedure, it is still challenging for surgeons and patients are often required to

undergo re-TURs (repeat TURBT) multiple times during their course of treatment. Repeat

resections are often due to high recurrence rate, multifocality of disease, and insufficient

resection to allow for critical disease staging. Insufficient resections may be due to tool

limitations such as lack of intracavitary distal dexterity, ability to precisely control depth of

resection, and optimize in-vivo visualization. To help overcome these dexterity limitations,

this work aims to offer robotic assistance for dexterous surveillance and resection of bladder

tumors in a manner currently impossible using instrumented rigid endoscopes.

One key type of snake-like robots is the multi-backbone continuum robot (MBCR)

shown in figure 2.3. This design is a variant of previous wire-actuated continuum robot

designs such as [80]. For the particular TURBT application, the new design of this robot

consists of three segments. Each segment includes one central backbone, three secondary

backbones, a base disk, spacer disks and an end disk. In our most recent embodiment, the

central backbone is made of a Polytetrafluoroethylene (PTFE) elastomer and the secondary

backbones are made of superelastic NiTi tubes. The spacer disks can be made from metallic

disks or from a PTFE elastomer as shown in figure 1. The backbones connect only to the

end disk and pass through the spacer disks via adequately dimensioned holes to ensure

circular bending without significant stress concentration. By pushing or pulling on the

secondary backbones, each segment can bend in two degrees of freedom (DoF) controlling

the pitch and the yaw of the end disk relative to the base disk. A more detailed description
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of the MBCR design are available in [3].

Figure 2.1: TURBot system: (A) Full System, 1 TURBot surgical slave, 2 Statically
balanced arm, 3 Mobile base, 4 Master haptic interface. (B) 3-segment MBCR, 5

Spacer/End disk, 6 Robot-integrable resectoscope, 7 3mm endoscope. (C) TURBot
surgical slave, 8 Actuation Unit.

The clinical application motivating the design of the actuation unit presented in this

chapter was described in detail in [12] where a proof-of-concept telemanipulation plat-

form, shown if FIgure 2.2 using a two-segment MBCR slave for TURBT was presented.

Figure 2.1 shows the current design of a TURBT slave robot arm that has been used in a

series of swine studies comparing the accuracy of robotic resection with manual resections.

The figure also shows the three-segment continuum robot and its actuation unit. A key

component of this system is the robot-integrable resectoscope which was described in detail

in [69]. The focus of this chapter will be mainly on the mechanical design of the actuation

unit.
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Figure 2.2: (a) Surgical slave of earlier bladder robot deployed into a mockup bladder,
(b) Tooling includes fiberscope with light, biopsy cup, ablation laser fiber, (c) The robot
operating inside an explanted bovine bladder

Figure 2.3: (a) A single segment of the continuum robot showing its two configuration
variables ψ = [θL,δ ]

T, (b) Continuum robot design: 1 First segment (26 mm length), 2

Second Segment (18 mm length), 3 Third segment (14 mm length), 4 5 6 End-disks b)End
disk design: 7 Tools deployment channel, 8 Backbone lumen, 9 Pitch circle
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The segments of the MBCR are serially stacked to provide six degrees of freedom. The

secondary backbones of each segment pass through the corresponding secondary back-

bones of its preceding segment. With three segments in an MBCR, three groups of three

concentric NiTi backbones need to be actuated to control all nine backbones. The use of

three secondary backbones to actuate each two-DoF segment improves payload distribution

and miniaturization [26] and also provides a fail-safe operation in case one of the backbones

fails. The rationale for using concentric deployment of secondary backbones stems from

the resulting simplification as a result of actuation decoupling between snake segments.

If the backbones are not aligned concentrically, the length of the backbones of the distal

segments are not constant when the proximal segments are bent. This complicates the

control and potentially degrades the accuracy of the end effector’s motion.

The decoupled kinematics of multi-segment MBCR’s as a result of concentric place-

ment of secondary backbones poses a challenge in for design of the actuation unit as it

demands the actuation of three concentric backbones. Other works on concentric tube

robots (often used as steerable needles) have had to tackle this challenge [81, 82] but they

typically had less numbers of DoFs. However, MBCR’s require many more degrees of

actuation due to the use of actuation redundancy. In addition, the surgical application

requires compactness, sterilizability, and portability of the actuation unit. These combined

challenges require a unique approach to the design of the actuation unit of such MBCR’s.

Examples of such designs have been presented in an ad-hoc manner in [3, 12] for MBCR’s

with two segments. This chapter aims to provide the rationale and the design considerations

for such actuation units in a level of detail that has not been previously presented.

2.2 Previous system limitations

As mentioned above, the TURBoT system naturally derived form Goldman’s system

reported in [12] which was the only robot designed for TURBT procedure. Goldman’s

system however lacked in very important aspects required for a preclinically/clinically
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deployable system, which leads to define areas of needed improvements. The original

robotic system was lacking on a collaborative telemanipulation mode oriented in the image

frame which would help the surgeon to navigate into the anatomy. On the same line, the

imaging capabilities provided were not sufficient as it only uses a 10k-resolution fiberscope

deployed in a working channel so, the new system should offer better imaging quality

and modules than the single 10K-resolution fiberscope previously used. Moreover, the

confined space anatomy requires increase dexterity with at least 7 Dof of movement within

the bladder and it should allow independent control of ablation/resection instrument from

the main MBCR to furthermore improve dexterity. Addressing these limitations guided the

development of TURBot. The eventual goal of this system is to offer surgeons for the first

time a system that can ensure full surveillance coverage, provide accurate dissection and

enable en-block resection.

2.3 Design requirements

The design of the actuation unit started with consideration of conceptual attribute re-

quirements and task specifications followed with a methodical derivation of joint-level

design requirements. The conceptual attribute requirements guided the design architecture

of the actuation unit as described in section 2.3.1 while the task specification requirements

guided the detailed design and component selection for each joint as described in section

2.5.

2.3.1 Attribute requirements and task specifications

The following attribute requirements guided the conceptual design of our actuation unit.

1. Portability and compactness of the actuation unit. This requirement is due to the

fact that this actuation unit needs to be manipulated by the surgeon in initial stages

of system deployment hence the actuation unit needs to be as compact and the least
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obtrusive as possible.

2. Sterilizability which requires that lumens that come into contact with the patient can

be sterilized and other parts that do not come into direct contact with the patient

can be covered with sterile draping while maintaining a sterile and open conduit for

deployment of the interventional functions listed below.

3. Modularity in order to facilitate assembly, part interchangeability and for cost reduc-

tion.

4. Separability of actuation to allow easy disassembly of the actuation unit from the

continuum robot and to ensure that the continuum robot can be serviced without

having to disassemble the entire actuation unit, thereby avoiding the loss of prior

calibration of the actuators.

5. Robustness to sensory error is required in order to ensure safety of robot operation

in case one of the position sensors (motor encoders) malfunctions.

In addition to the above attribute requirements, the following task specifications are

required by the surgical application of TURBT:

1. Multi-functionality of the robot requires it to support of manipulation, biopsy, abla-

tion, suction and visualization. To achieve these functions, the continuum robot was

designed to provide three working lumens as depicted first in [12].

2. Force sensing is required to facilitate trans-urethral deployment using complaint

motion control as in [83] and sensing and control of interaction forces as in [84, 85].

The actuation unit is hence designed to accommodate load cells on each backbone of

the robot.

3. Intra-vesicular dexterity is needed to support six degrees of freedom motion and

coverage of the bladder volume. This requirement motivated the need for a snake-

like robot having at least three segments since each segment provides two degrees of
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freedom. Consequently, the actuation unit needs to have at least nine actuators since

each segment of the continuum robot uses three actuated backbones to bend it using

push-pull actuation.

4. Precision of motion is required to ensure high precision of ablation during TURBT.

We have chosen 0.1mm as the target motion accuracy. There is no known quan-

tification of resection accuracy in the literature so we have conservatively chosen

0.1mm since it is significantly better than the expected tip precision when manually

manipulating a resectoscope having a length of in excess of 250 mm.

5. Motion responsiveness is needed to provide the surgeon the ability to move the snake

robot with the necessary bending rate. Based on consultation with our clinician

authors, we determined a bending rate of ±90◦ within 1 seconds as the desired

maximal bending rate for each segment.

6. Force interaction was specified as a desirable functionality to support the ability of

the robot’s gripper to pull on mucosa during laser-aided resection. Although during

normal cautery and laser resection the forces are minimal, we have conservatively

specified a desired force application capability of 1 newton at the tip of the robot.

2.3.2 Derivation of Joint-Level Design Requirements

The kinematics of MBCR was addressed previously by [2, 86, 80]. The configuration

of each segment is represented by ψi = [θiL,δi]
T , where i = 1,2,3 is the segment number,

θiL is the bending angle and δi is the bending plane angle as shown in Figure 2.3. The

kinematic relation between configuration space and joint space is

q1 j = rcos(δ1 j)(θ1L−θ0),

q2 j = rcos(δ2 j)(θ2L−θ0),

q3 j−q2 j = rcos(δ3 j)(θ3L−θ0),

(2.1)
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where j = 1,2,3 is the secondary backbone number, qi j is the j joint variable of the segment

i (qi = [qi1,qi2,qi3]
T ) and r = 1.725mm is the radius of the pitch circle determining the

positions of the secondary backbones in the snake disks (See Figure 2.3).

To meet the motion responsiveness design requirement, i.e. bending rate of ±90◦

within 1 second (section 2.2), each segment actuators are required to provide maximal

speeds of 4.7mm/sec,4.7mm/sec and 9.4mm/sec respectively. These values are obtained

by substitution in equation (2.1).

In order to satisfy the prescribed motion accuracy of 0.1mm, the instantaneous Jacobian

relating the configuration space and the joint space should be determined. Three vector

spaces are involved in this process, namely task space, configuration space and joint space.

These spaces are related by the Jacobians Jxcψ and Jqψ such that

Jxcψ∆ψ = ∆xc, Jqψ∆ψ = ∆q (2.2)

where q ∈ IR9×1 = [q1,q2,q3]
T ,ψ ∈ IR6×1 = [ψ1,ψ2,ψ3]

T ,xc ∈ IR3×1 are joint-space,

configuration-space and Cartesian-space vectors respectively. Derivation of the Jacobians

is not mentioned here for brevity and the reader is referred to [3, 87] for a thorough

discussion. Note that the formulations did not involve the base translation of the robot.

From equation (2.2) we obtain:

∆ψ = J†
qψ∆q (2.3)

where J†
qψ is Moore-Penrose pseudo-inverse of Jqψ as determined by the following equa-

tion:

J†
qψ = (Jt

qψJqψ + εI6)
−1Jt

qψ (2.4)

ε term is added to regularize singular configurations and I6 ∈ IR6×6 is the identity matrix.

Substitution of equation (2.3) in (2.2) yields:

Jxcq∆q = ∆xc (2.5)
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where Jxcq , JxcψJ†
qψ ∈ IR3×9.

Equation (2.5) can be used to determine the maximal tolerable joint space error vector

to guarantee a task-space motion error having norm of of less than 0.1 mm in a specified

configuration ψ. Figure 2.4 shows the contour plots of the reciprocal of the individual

joint motion accuracy to impart a 0.1 mm motion in three world coordinate unit directions

ei,e j,ek. The values of the reciprocals are represented for θ3L = 0◦,45◦,90◦. The horizontal

and vertical axes are θ1L and θ2L respectively. Note that δi’s do not affect the joint motion

norm significantly, therefore they are assumed as zero. The minimum joint motion is

0.0037,0.0014 and 0.0015 mm for ∆xc = 0.1ei, ∆xc = 0.1e j and ∆xc = 0.1ek respectively.

Figure 2.4: Contour plots of 1
‖∆qi‖ versus θ1L(horizontal axis) and θ2L (vertical axis) for

δ1 = δ2 = δ3 = 0, θ3L = 0◦,45◦,90◦, ∆xc = 0.1ei,0.1e j,0.1ek

In order to determine the minimum required joint motion for all possible ∆xc directions,

we consider equation (2.5) again. Using singular value decomposition and matrix algebraic
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manipulations, it can be proved that

‖∆q‖ ≥ ‖∆xc‖
σ(Jxcq)

(2.6)

where ‖.‖ and σ(.) represent Euclidean norm and maximum singular value respectively.

Therefore,

‖∆q‖min =
‖∆x‖

max
Q

σ(Jxcq)
(2.7)

where Q denotes the the entire robot configuration space.

Equation (2.7) determines the required joint-level motion accuracy to meet a demanded

positional accuracy. The robot configuration space was discretized and the maximum

singular value was computed numerically at each configuration. The maximum value

among the maximum singular values was determined. Using a 0.1 mm task-space accuracy

and ε = 10−7, the required joint-level motion accuracy was calculated as 0.0013 mm.

The first three columns of Table 2.1 summarize the simulation results using the task

specifications of motion responsiveness as specified in section 2.3.1. The last column

summarizes the simulation results for actuator torques using the interaction force task

specification while considering particulars of the actuation unit architecture. At the outset,

static simulations using the statics model in [26] were used to determine the required

actuator forces for a three segment continuum robot having backbones as in [12], but with

additional consideration for flexural rigidity of deployable tools such as a fiberscope and a

flexible gripper. The simulations resulted in joint force requirements that ranged from 55

N to 30 N when considering all segments. Taking into account the design architecture of

the actuation unit where the actuator of the first segment carries the actuators of the other

segments, we have conservatively set the required joint force of the first segment actuator

to 150N.
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Table 2.1: Required joint-level specifications and the corresponding requisite gearmotor
torques

Segment #
Joint stroke

required
Min. joint -level

position resolution
Max joint

speed
Max

joint force
1 4.7 mm 0.0013 mm 4.7 mm/s 150 N
2 4.7 mm 0.0013 mm 4.7 mm/s 30 N
3 9.4 mm 0.0013 mm 9.4 mm/s 30 N

2.4 Actuation Unit Architecture

2.4.1 Key actuation unit modules

The continuum robot is actuated by a compact, modular and portable 9-DoF actuation

unit described in detail in Figure 2.5. Referring to Figure 2.5.A, the actuation unit 1

connects to the continuum robot backbones using a detachable actuation interface 2 .

The backbones are routed from the detachable actuation interface to the continuum robot

through an actuation cone 3 . The detachable actuation interface provides the conceptual

attribute of separability of actuation and supports sterilizability since all the actuation unit

components can be contained in a sterile draping while keeping the continuum robot, cone

and actuation interface as a contained assembly which has to undergo sterilization.

To satisfy the conceptual attribute of modularity, and compactness, the core of the

actuation unit was designed based on three identical backbone actuation modules 100 , 200 ,

300 . Each sub-assembly has three cylinders 101 102 103 designated for actuating the first,

second and third segments of the continuum robot. The three sub-assemblies are held in

place between the front plate 4 and rear plate 6 . The structural stiffness of the actuation

unit is provided by three structural elements, two Aluminum beams 9 on the sides and

the attachment base plate 5 on the bottom. When these three elements are connected to

the front plate and the rear plate they form the chassis of the actuation unit. Moreover,

the attachment base plate connects the slave robot to the insertion stage mounted on an

adjustable passive arm shown in Figure 2.1.
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Figure 2.5: Actuation Unit Exploded view: (A) Assembly showing the actuation unit 1 ,
the detachable actuation interface 2 , and the actuation cone 3 ; (B) Exploded view showing
the three backbone actuation modules 100 200 300 , (C) bottom view showing axial symmetry,
(D) backbone actuation module assembly
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The conceptual attribute of robustness to sensory error is satisfied by concurrent use

of encoder and potentiometer feedback. Figure 2.5.C shows the potentiometers 8 (Pana-

sonic EWA-P10C15A14). These potentiometers also facilitate fast startup time since they

provide absolute position feedback while the incremental magnetic encoders are used for

high precision real-time control feedback. A significant discrepancy of feedback based on

potentiometers and encoders is used to flag an erroneous feedback condition, which triggers

a system halt or warning signal based on preference of the user.

2.4.2 Backbone Actuation Modules

The cross-sectional view in Figure 2.6 illustrates the internal structure of the first cylin-

ders 101 and 103 also shown in Figure 2.5. The cylinders are equipped with selected motors

combinations 18 20 shown in Table 2.2. They are secured in place using custom made

internal collars 22 19 that rigidly connect the motor to the cylinder. The motors drive pistons

14 29 26 using internal lead screws 10 . To compensate eventual small axis misalignment,

an Oldham coupling 23 is used to connect the motor shaft and the lead screw. Moreover, the

lead screws are also supported by ball bearings 25 held in place using custom-made collars

24 11 . Each piston contains two plastic nuts 28 that could be tightened on the respective

lead screws with respect to another in order to remove the backlash between the lead screw

and the piston.

The first cylinder is rigidly attached to the front plate by a dummy spacer 12 ) (It can

later be replaced by a load cell HONEYWELL Model 31 to measure backbones forces,

as well the dummy spacer 15 can be replace with a load cell HONEYWELL Model 11)

and is connected to the second and third cylinder using two connection frames 21 27 . The

connection frames are clamped on the outer surface of the second and third cylinder and are

free to slide on the first cylinder. The second connection frame 27 is also rigidly connected

to the first cylinder piston trough a press-fit pin that ensures motion transmission. This

motion of the first cylinder drives the backbone of the first segment of the continuum robot.
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Table 2.2: Motor Combinations

First Cylinder
Motor Combination Gearhead Motor Encoder
Maxon Motor
324553

GP13A 110314
(Series 17:1
3249/196
16.57653061:1
ratio)

Maxon Motor RE13
118638

MR 241062, 256
CPT

Second and Third Cylinder
MICROMO
1331T006SRIE2-
400+14/1
14:1+X0437

14/1 14:1 (Series
14/1 676/49
13.795918:1 ratio)

MICROMO
1331T006SRIE2

X0437 magnetic
Encoder digital
outputs, 2 channels,
400 lines per
revolution

The cross-sectional view in Figure 2.7 shows the internal structure of the second cylin-

der 102 and the third cylinder 103 . The second piston is also equipped with the same

motor combination 18 , main piston, lead screw, collars and bearings of the previous cross

section description. Moreover, there are two secondary pistons in these two cylinders. The

secondary driving cylinder 32 is rigidly connected to the primary piston by an aluminum

dummy spacer 15 . The secondary driven piston 17 is free to slide in the third cylinder. A

bridge connector 30 slides to the outer surface of the second and the third cylinder and is

rigidly connected to the secondary pistons using shoulder screws. This entire design allows

driving three concentric backbones. The first segment backbone is held by the custom-

made holder 13 , the second segment backbone is carried by the secondary driven piston

17 while the inner most backbone that drives the first segment is held by the custom-made

gripper 16 .

2.5 Component Selection

Tables 2.3 and 2.4 summarize the specifications and expected performance of the gear-

motors combined with lead screws for driving the backbones of each segment. To arrive at

the choice of gear-motors and screws a Matlab code was written to parse the specifications
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Figure 2.6: Cross section of the main cylinder and the third cylinder

Figure 2.7: Cross section of the second cylinder and the third cylinder
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Table 2.3: Motor combination design requirement

Output gear torque Power for maximal speed
Required Provided Required Provided

Maxon motor 36.206 Nmm 39.28 Nmm 2.205 W 3 W
Micromo 9.320 Nmm 15.411 Nmm 2.711 W 3.11 W

Table 2.4: Motor combination design requirement

Power for nominal speed Max linear speed Lead screw pitchRequired Provided Required Provided
Maxon motor 2.115 W 2.37 W 4.7 mm/s 4.899 mm/s 0.60911 mm/turn

Micromo 0.688 W 1.003 W 9.4 mm/s 10.417 mm/s 0.60911 mm/turn

of available lead screws and motors that fit the cylinders. To obtain a first order estimate

of the power requirements of the actuators were calculated based on task specification

assuming gearhead efficiency of 80% and lead screw efficiency of 70%. Once a list of

motors that satisfies the power requirements was made, the Matlab code was used to cull the

list down to motor and screw combinations that can satisfy force and speed requirements.

The required torque to raise/lower the piston against/along the direction of an external

loaf F is calculated as:

τr,l =
Fd p

2
tan(γ±λ )+F

d pb

2
µroll b (2.8)

where subscript r is for raising and l is for lowering a load. The first part accounts for

friction between the screw and nut and the second part accounts for friction in the bearings

supporting the lead screw. The lead screw friction angle γ is a function of screw geometry

and friction coefficient between the screw and nut. The lead angle λ is a function of the

screw pitch diameter dp and lead L. Details of calculation of these angles can be found in

[88].
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2.5.1 Continuum robot actuation interface

2.5.1.1 Detachable actuation interface

A new feature introduced in this design allows to detach the actuation unit from the

cone easily and quickly. The most important aspect of this new feature is that it allows to

detach the front part of the system without acting at all on the actuation unit. The actuation

unit will be totally preserved from re-calibration requirement or mechanical issues coming

from a repetitive disassembling process. The concept is based on a concentric system of

quick connectors shown in Figure 2.9.

Referring to Figure 2.9, the tubes 1 , 2 , 3 are placed inside each other and connected to

their respective quick connectors by shear pins. The aluminum tubes on the actuation unit

side are connected to their respective joint actuators using set-screws and metal glue, on the

cone side, each brass tube is glued to each relative NiTinol backbone using custom-made

aluminum adapters 4 .

In case of a failure of the backbones, this new design allows an easy and quick re-

placement of the front part of the robot. A total time of 10 minutes (2 mins in average for

disassembly of the front part and 8 minutes in average for re-assembly) is needed to replace

the entire continuum robot and connect a new one to the actuation unit.

2.5.1.2 Actuation cone

The central part of the actuation cone called cone, is a rapid-prototyped part that routes

the backbones inside the continuum robot tube. There are three channels inside the cone

that curve smoothly converging into the stem. Along the central axis of the cone, there is a

channel that drives the tools coming from the back of the actuation unit into the stem.
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Figure 2.8: (a)Custom made detachable actuation interface, (b) Cross Section, (c)
Actuation unit and the cone connection trough the detachable actuation interface

Figure 2.9: Actuation cone: (a) assembly, (b) cross section

2.6 Distal Microsnake

To increase distal dexterity inside the bladder and to be able to operate an ablating laser

fiber independently from the main continuum robot, we deployed a 1.6mm in diameter, 2

DoF, single segment continuum robot (Figure 2.10.A) through one of the 3 lumens of the

TURBT continuum segment. This section presents the design and system integration of the

single segment snake-like robot used in the TURBT system.
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2.6.1 Actuation unit and continuum segment

Figure 2.10.B shows the TURBT system (semi-transparent) with the distal microsnake

actuation unit integrated on the main system, and the distal microsnake continuum segment

deployed through one of the lumens of the 3 segments snake-like robot. The close up

view in Figure 2.10.C shows an Holmium Laser fiber 1 carried by the distal microsnake

continuum segment 2 and in turn deployed through the TURBT 3 segment continuum robot

3 .

Figure 2.10: Distal Microsnake system integration: (A) Distal Microsnake: 1 Continuum
segment 2 Actuation unit. (B) TURBT system(semi-transparent) with embedded distal
microsnake actuation unit and the distal microsnake continuum segment deployed. (C)
Continuum Segment close up view: 1 Holmium Laser 2 Distal Microsnake 3 TURBT 3
segment continuum robot (D) Distal microsnake actuation unit

The distal multibackbones continuum segment (Figure 2.11.A) has 3 NiTi backbones

(0.22 mm in diameter) that are rigidly attached to an End-disk 1 . The backbones are then
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routed through 5 intermediate disks 3 that are equally spaced by 6 spacer disks 2 and a

base disk 4 , forming a single continuum segment of 22 mm in length.

Figure 2.11: Distal Microsnake continuum segment: (A) Distal microsnake continuum
segment 1 End-disk 2 Spacer disk 3 Intermediate disk 4 Base disk (B) Microscope top
view of continuum segment intermediate-disk 1 Central lumens for laser deploying 2 Side
backbone lumens (C) Microscope side view of a spacer disk with a 0.22 mm backbone
passing through (D) Microscope side view of a spacer disk with all the 3 backbones passing
through (E) Intermediate disk

The 2 DoF of the distal microsnake are actuated pushing and pulling on the 3 redundant

backbones using a custom made actuation unit showed in Figure 2.12.A. The 3 backbones

are routed from the continuum segment to the actuation unit through an actuation cone 1

and a snake holder 2 which ensure the backbone to not cross on each other. The actuation

cone has 3 internal channels which direct the 3 backbone to three identical single backbone

actuation module (Figure 2.12.B).

Referring to Figure 2.12.C, each single backbone actuation module have an outer

aluminum shell 1 that is rigidly attached to the NiTi backbone through one of the two

telescopic anti-buckling tubes. To avoid the backbone to buckle, these tubes slide into

each other in order to constantly support the backbone when it is pushed forward. The

second anti-buckling tube is fixed on the bottom holder collar which rigidly connect to

the aluminum shell. The anti-backlash piston is driven by a 0.60911 mm/turn lead screw

4 which is connected to a Maxon motor combination 9 # 300765 (Gearhead GP10A
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218416(Series 16:1 ratio) + Motor RE10 256105 + MR Encoder 138061 (12 CPT)) through

and Oldham coupling 8 . In order to place coaxially the lead screw and the motor, we are

using a bearing holder collar 6 to support the lead-screw, and a top holder collar 7 to hold

the motor.

Figure 2.12: Distal Microsnake CAD Model: (A) Distal microsnake actuation unit: 1

Actuation Cone 2 Snake holder 3 Front Plate 4 M5 screws 5 Rear Plate. (B) Single
backbone actuation module. (C) Exploded view of a single backbone actuation module:
1 Aluminum cylinder 2 Bottom holder collar 3 Telescopic anti-buckling tubes 4 Anti-
backlash Piston 5 Lead screw 6 Bearings holder collar 7 Top holder collar 8 Oldham
coupling 9 Maxon motor combination

Finally, the three actuation modules, forming the actuation unit, are assembled between

a front plate (Figure 2.12.A 3 ) and a rear plate (Figure 2.12.A 5 ). To ensure structural

rigidity, 3 M5 screws (Figure 2.12.A 4 )are used to connect the two plates, forming the

chassis of the actuation unit.

2.7 Experimental evaluation

In order to asses the capabilities and performances of the TURBoT, a series of different

experimental validation procedure were performed. In this section a brief overview of this

tests and their related results will be presented. For a more deep and thorough description
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of all the experiments and for a more extensive explanation of the results obtained we refer

the reader to [19, 68, 67].

2.7.1 Bending test

Figure 2.13: Sample motions generated by the continuum robot: (A) banding angles
between 0◦ and 250◦, (B) S shape-snake

Figure 2.13 shows the motion of the snake robot in an early experiment aimed to verify

the functionality of the concentric actuation scheme with quick-connectors. The control

code was written in Simulink package (Version 7.5) and the real-time code generation

and implementation was carried out using xPC Target toolbox in Matlab (Presently known

as Simulink Real-Time). The MBCR was actuated in the configuration space by trying

different banding angle planes (δi) and bending angles (θiL) of each segment. Figure 2.13

illustrates the MBCR bending in the xbzb plane (See Figure 2.3). To achieve this, the

bending angles of each segment were independently controlled. Note that the maximum

achievable bending angles are higher than illustrated and are only limited by the plastic

deformation of the backbones.

2.7.2 Animal Study

The following was presented in [68, 69, 19, 89]
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Figure 2.14: Animal lab experimental setup: 1 Omega.7 master haptic interface, 2

Transvesical endoscope camera, 3 Surgeon monitor, 4 TURBot, 5 Swine

In order to assess the capability of the robotic system, we completed the first known

animal study using the robot-assisted TURBT (Operative Room setup in Figure 2.14). The

aim of the In-vivo experiment was to ablate mock-up generated tumors inside of a swine

bladder. We successfully developed the cancerous lesions (Figure 2.15) using a blue dye

(HistoGel specimen processing gel, Ref HG-4000-012 Thermo Scientific) injected on the

bladder wall transabdominally in multiple locations. The colored tissues were successfully

ablated using the TURBot and an indipendent two-Dof distal laser deployed within the

robot. We showed the feasibility of en-block resection using a manually actuated griper

deployed within the continuum robot.

The animal experiments identified several points of success on using the robotic system

in the operative room. A qualitative verification of the robot’s abilities to carry out resection

at all regions of the bladder was shown by successfully ablating the lesions from all the

locations, including the neck and the dome of the bladder, without the needs of deflate

the bladder or applying any pubic compression, this was also facilitated by the statically

balanced arm moving the robot in and out of the urethra and tilting the resectoscope

33



to adjust the angle of approach, helping on reaching into all quadrants of the bladder.

Furthermore, we shown the feasibility of en-block resection using a manually actuated

griper deployed within the continuum robot.

Figure 2.15: (A)HystoGel leasion and TURBot EE, (B) TURBot retroflexing to reach
bladder neck, (C-E) En-block resection using manually actuated griper and 2-Dof distal
laser

The experiments also pointed to limitations of our system that could be addressed

in future work. The main limitation comes for the serious difficulties in visualization

during the procedure enhancing the needs of a better intravesical visualization. Moreover,

the disparity between the geometry of swine bladder and human bladder caused various

difficulties. The small bladder size and the need for an additional balloon port to provide

visualization meant we were left with very little space to create more than 2-3 tumors per

pig and the more acute angle of the swine bladder neck left even less space to operate in

that area.

In order to obtain more quantifiable performance a new set of experiments was con-

ducted comparing manual resection performances against robot assisted resection using a

precise human bladder model obtained by computer tomography scans and use the robot in

an evaluation study on this bladder.

2.7.3 User Study

Figure 2.16.A shows the robotic system integrated in the experimental setup using 3D

printed bladder phantoms (Figure 2.16.A3) obtained from patient CT scans. In order to ad-

just the approaching angle of TURBot to the urethra, the system uses a PUMA560 robot to
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adjust the location and orientation of the phantom bladder model, shown in Figure 2.16.A1.

The bladder model has been modified in order to accomodate resection plates using agar at

key sites including the bladder neck. The EE of the CR has been equipped with a standard

cautery resection loop and used cautery to carry out resection.

Figure 2.16: (A)Experimental setup: 1 PUMA560 for phantom placement, 2 Endoscope
camera for in bladder visualization, 3 Bladder phantom, 4 Mockup tumor, 5 TURBot,
6 Cautery machine, 7 Omega.7 as master haptic interface, 8 In bladder visualization
monitor, 9 PUMA560 Master controller. (B) Mockup tumor before resection (C) Mockup
tumore processed after resection, 1 resected area contour.

Each resection plate was imaged before and after resection, Figure 2.16.B and C respec-

tively. The dimension of the tumors were carefully controlled and therefore images before

and after the resection allowed measurements of tangential resection errors for each tumor.

Repetition of the experiments using standard manual tools verified that one cannot carry

out resection close to the bladder neck without resorting to aggressive deformation of the

bladder. TURBot was able to resect a tumor at the left superior and at the neck region with

an accuracy of 0.94± 1.08mm and 0.27± 1.56mm respectively. Considering both tumor

locations, the accuracy of TURBot is evaluated as 0.60±1.33mm. In comparison, manual

resection accuracy is 0.2±1.1mm. Note that however this value does not include the neck

region where manual resection was not possible.

Based on the experiments, we noted that part of the reason for reduced accuracy of
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the robot is related to visualization quality and blockage when using the robot. Since the

electro-cautery resection loop was placed right at the tip of the robot there were some end

point angles of the robot where it was hard to see the resection loop.

2.8 Conclusion

This chapter presented the design considerations that guided the design, fabrication and

testing of a modular actuation unit for a continuum robot aimed at transurethral bladder

cancer resection. A methodological process for guiding the design of this actuation unit

was presented based on taking into consideration conceptual design attributes and task

specifications. The conceptual design attributes were used to guide the choice of mechani-

cal architecture of the actuation unit. The task specifications were used to guide the detailed

design and component selection for each actuator. The resultant actuation unit is comprised

of three modules allowing for modularity, ease of sterilization and actuation separability,

and robustness to sensor errors. Preliminary testing shows that the actuation unit achieves

its primary function. The system was tested in phantom and in-vivo studies where the

robot successfully ablated tumors in several critical regions of swine bladders using laser.

Though the design posed several bottlenecks particularly in terms of fabrication, the most

critical aspect which demanded several iterations was the actuation detachment module

since the backbone are deployed concentrically. Though previous works have presented

some actuation units suitable for actuation of continuum robots, the design exposition has

been predominately ad-hoc. We believe that this work provides an example that could

benefit others when considering design of actuation units of continuum robots for specific

surgical applications.
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CHAPTER 3

INTRODUCTION TO CREM - CONTINUUM ROBOT WITH EQUILIBRIUM

MODULATION

3.1 Overview and Clinical Motivation

Current robotic slave arms for minimally invasive surgery (MIS) offer excellent distal

dexterity for surgical tasks requiring large workspaces and position accuracy ranging be-

tween 0.5 to 1.5 mm. For example, Kwartowitz et al. [90] experimentally determined the

root mean square (RMS) localization accuracy of the da-Vinci Classic and da-Vinci S to be

1.02 mm and 1.05 mm, respectively. Despite their limited accuracy, these robots are able to

perform well when tele-manipulated since their repeatability usually exceeds their accuracy

and the users can use visual feedback to overcome accuracy errors. Despite increases in

precision, existing surgical systems are unable to traverse curved anatomical passageways;

therefore, researchers have pursued the use of snake-like robots [91] and continuum robots

[81, 92, 13, 93, 94, 95] to increase the depth of minimally invasive reach into the anatomy.

While current continuum robots satisfy the requirements for large workspace and deep

access into the anatomy, there are medical applications that could benefit from extreme

precision (sub 100 µm). Examples include high-precision micro-surgical tasks (e.g. micro-

vascular reconstruction, nerve repair and grafting) and image-based diagnosis and surgery

at a tissue level. Micro-vascular reconstruction/anastomosis of blood vessels having small

diameters (©�1− 3mm) requires precision on the order of better than 100µm. Also, the

advent of image-based diagnosis and surgery at the tissue level creates new demand for

ultra-precision robots. Fujimoto’s [53] demonstration of OCT for image-based diagnosis
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and Luo’s [96] use of OCT biopsy of lymph nodes using an OCT with imaging resolutions

of 1− 3µm create new opportunities for robots that can enable in-vivo discernment of

negative tumor margins. These opportunities can be achieved through micro motions to

allow effective 3D OCT image reconstruction or mosaicing of confocal microscopy images.

Existing robots for multi-scale motion (MSM) are unsuitable for micro-surgery in deep

surgical sites where miniaturization and traversal of often tortuous anatomical passageways

is required. Also, new emerging surgical paradigms for natural orifice surgery and image-

based diagnosis and guidance at the micro-scale level promise to provide accurate verifica-

tion of tumor resection margins. To overcome the limitations of current robot architectures,

and to enable image-based biopsy and micro-surgery in confined spaces, in this chapter,

a new concept of continuum robots with equilibrium modulation (CREM) is presented.

CREM robots are a modification of multi-backbone continuum robots that achieve micro-

motion by using indirect actuation through modulation of their static equilibrium by change

of the distribution of their cross-sectional flexural rigidity.

To overcome the challenges outlined above, there is a need for new robots capable

of multi-scale motion (MSM) for satisfying gross motion during surgery and extreme

precision to enable micro-scale task execution. To achieve this, we put forth the new

concept of CREM. These robots are able to use direct and indirect actuation to produce

motion of their end effectors. In contrast to typical robots, which rely on direct actuation of

their active joints to move their end effectors, these robots are able to use a secondary set

of actuators that change material and stiffness distribution along the body of the robot. By

modulating these distribution, the static equilibrium of these robots is altered (modulated)

by minute amounts; thereby resulting in end effector micro-motion.

In response to the needs outlined above, this work is presented as a first step towards

modeling the micro-scale kinematics of these robots, solutions for micro-motion tracking

approaches including color and shape-based markers and verified to achieve tracking accu-

racies of better than 2µm. Preliminary evaluation of the micro-motion capabilities of a first
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prototype demonstrates motion resolutions at 1µm level and hysteresis of less than 10µm -

despite the use of inexpensive actuators with significant backlash.

3.2 Relevant Works on Micro-Macro Motion

The concept of CREM to achieve MSM is wholly new since previous works on MSM

have primarily focused on serially-stacked architecture where a dedicated micro-manipulator

is stacked on top of a serial manipulator. Examples of such works are found in Egeland’s

pioneering work [97] and followed by several works such as [98, 99, 100, 101, 102, 103].

Other works such as Portman, et al. [104] developed a Stewart/Gough parallel robot driven

by hydraulic micro-actuators thereby providing high stiffness and accuracy better than

0.1 µm. Shoham [105] presented the concept of twisted wire actuators to demonstrate

a planar parallel robot with micro-scale motion. Rul, et al. [106] developed a micromanip-

ulation tool using SMA (Shape Memory Alloy) for actuation and implemented closed-

loop feedback control using a displacement measurement laser. Yun, et al. presented

a piezo-electrically actuated 3-degrees of freedom (DOF) micro/macro parallel platform

for micro/nano positioning applications [107] with a limited workspace of ±5mm in all

directions.

Although these works achieved micron-scale resolution, the designs are not down-

scalable in size and the micro-actuator technology is typically expensive. More importantly,

these designs are not suitable for MSM in confined spaces while having to circumvent

obstacles. As a result, these designs are not suitable for emerging applications where

robots have to traverse curvilinear passageways to perform micro-precision tasks such as

the cases in natural orifice surgery of micro-assembly/inspection in cluttered environments.

The CREM concept presented in this chapter fills this need.
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3.3 Continuum Robots with Equilibrium Modulation

Figure 3.1 depicts the concept of CRs for equilibrium modulation (CREM). This con-

cept was introduced in [108] as a modification of the design proposed in [2]. A multi-

backbone continuum segment includes four tubular backbones made of superelastic NiTi.

These backbones include a central backbone 2 surrounded by 3 secondary backbones 6

which are responsible for the macro-motion actuation. All the backbones slide through a

base disk 5 and spacer disks 3 that maintain a constant radial distance between them. All

the backbones rigidly connect to the end disk 1 .

The (green) double line arrows in Figure 3.1A indicate the direct actuation of the

secondary backbones in order to bend the continuum segment to achieve a desired end-disk

orientation in two degrees of freedom. Micro-motion capability is obtained by controlling

the insertion of Niti wires 4 inside the secondary tubular backbones. This motion is

designated by (red) single line arrows in Figure 3.1A. By controlling the portion of the

wires inserted into the secondary backbones, the flexural rigidity along the length of the

continuum robot is changed. The equilibrium modulation actuation therefore causes an

indirect actuation of the end effector (EE) that changes its static equilibrium pose to a new

pose. In [109] we presented experimental results that show that the micro-motion path

follows the general shape depicted in Figure 3.1B, but offered no explanation to the source

of this phenomenon.

3.4 Design Modifications

For experimental evaluation, we have modified a pre-existing experimental apparatus

that has been first presented in [84, 87]. This setup is shown in Figure 3.2.A 1 - 2 . Orig-

inally, the setup was designed to control a multi-segment robot (up to three segments).

The design modification required to fully disassemble the pre-existing continuum robot

and fabricate a new single segment continuum robot to be used for equilibrium modulation
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Figure 3.1: (A) Continuum robot with equilibrium modulation (B) Micro-motion trajectory
of end-effector.

experiments and to allow the attachment of tracking markers to the disks of the continuum

robot for the purpose of validating micro-motion. A new design and fabrication was done

for the actuation unit in order to control the insertion wires. Furthermore, the new actuation

unit was equipped with proper wires attachments to the actuation module. Beside the

modification of the mechanical parts of the system, also the electronics setup was adjusted

accordingly and it was redone in order to be able to use a newer written control code

to enable independent control of the insertion wired and the backbones of the continuum

robot.

The result of the modification is shown in Figure 3.2, where 3 , the Micro-Motion

Actuation Unit (MIMAC), has been added on top of the existing Large Snake Actuation

Unit 2 . At the bottom, marked as 1 , is the continuum robot. The MIMAC is composed of

three custom designed sub-assemblies, each called a Velmex Linear Insertion Stage (VLIS).

The detailed design of the MIMAC and VLIS can be seen in figure 3.3.

As the name implies, the VLIS is a linear actuator to which the micro motion wires
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Figure 3.2: CREM Actuation Unit: 1 Continuum robot, 2 Continuum robot macro-motion
actuation unit, 3 Micro-motion actuation unit.

Figure 3.3: (A) The Micro-Motion Actuation Unit. (B) Velmex Linear insertion stage
side view. (C) Velmex Linear insertion stage front view - 1 Motor connection adaptor, 2

Potentiometer shaft connector 3 Linear potentiometer 4 Micro motion wire connector
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are attached to induce micro motion on the robot. The linear slide is equipped with a lead

screw which have a 4.5 inches travel and pitch of 20 turns/inch. The carriage of the lead

screw is mounted on a Velmex linear slide [A1506B-S1.5]. The position of the carriage is

measured by a linear potentiometer [Bourns 652-PTB1432010BPB103]. The lead screw

is actuated by a Maxon Motor [RE16 118733], attached with an Oldham coupling. The

motor gearhead has a 29:1 ratio [Maxon 118185], and the encoder has 512 counts per turn

[Maxon 201940]. The carriage, and all pieces attaching the various parts together have

been designed and fabricated in-house. The three VLIS modules forming the MIMAC are

mounted on a Delrin (polyoxymethylene) plate which attaches the MIMAC to the Large

Snake Actuation Unit as shown in Figure 3.4.

Figure 3.4: DELRIN plate

The MIMAC controls the insertion depth of three Nickel-Titanium (NiTi) wires inside

the secondary backbones of the continuum robot. In order to maintain straight insertion

of the wires, the wires and the ends of the actuators from the MIMAC are connected to a
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double rail assembly built into the Large Snake Actuation Unit, shown in Figure 3.5.

Figure 3.5: Double rail system: 1 Linear stage rods 2 Micro-motion NiTi Wires 3 Double
rails

The length of each NiTi wire from its tip to the middle of the attachment point on the

VLIS is 470 mm. This length ensures that the tip of the NiTi wire is at the end of the first

segment of the continuum robot when the carriage of the VLIS is in the middle of its stroke.

In order to use the NiTi wires to accurately define micro motions of the robot, it is

necessary to define a zero-point for measuring the insertion depth of the wires. This

reference point is chosen to be at the end of the snake when it is straight, as shown in

Figure 3.6. The zero-point for each wire is defined when the insertion wires are almost

coming out of the 1st segment. The positive direction of insertion is defined away from

the actuation unit, so that when the wires are inside the first segment the insertion depth

is negative, whereas if they were to be inserted into a second segment, the values would

be positive. Currently, no second segment has been attached to the robot, so all values for
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insertion depths will range from 0 mm to -50 mm, which is the total length of the continuum

robot when straight.

Figure 3.6: Zero depth location for Micro Wire Insertion

Once the position of the insertion wires has been determined to be at the zero location,

that configuration must be saved. The potentiometer values for each joint were captured

and saved to file. Additional measurements of the location of the connection point between

the actuation unit and the NiTi wires were also taken using calipers as seen in Figure 3.7.

Figure 3.7: Caliper measurements of joint displacement when zero insertion depth was
defined
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3.5 Conclusion

This chapter introduced a new design concept for continuum robots achieving micro

and macro scale motion and the upgrade of the existing hardware. The concept of micro-

motion through equilibrium modulation was introduced and a first prototype of a continuum

robot using equilibrium modulation (CREM) was presented. This concept differs from

prior works on micro-macro motion by presenting a single device capable of multi-scale

motion (compared to prior works using serially stacked micro-motion robots on top of a

gross motion robot).

To validate the modeling of the micro-motion kinematics of CREM robots (presented

in Chapter 5), the motion resolutions required to validate the modeling are beyond capabil-

ities of commercial trackers,therefore the next chapter presents the efforts on investigating

methods for achieving micron resolution tracking.
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CHAPTER 4

MICRO-MOTION TRACKING FOR CREM ROBOTS

4.1 Introduction

In the following sections are presented the efforts for developing a real-time tracking

solution for micro-motion control of CREM. Such continuum robots have a macro motion

capability, covering a workspace of approximately (30× 30mm) while its micro motion

mode has only a range of approximately (100−500µm). In the macro motion experiments,

an imaging method is needed to capture the kinematic status of the entire continuum robot

segment (about 45mm), i.e. the central backbone curve of the robot. In the micro motion

mode, an imaging method under a microscope scale (about 45X) is desired to track tip

position motion. The lack of a commercial tracker device, sensible enough to track sub-

micron motion displacements, rose the need to build a custom made system, in term of

hardware as well as software, able to perform at such high definition.

4.2 Micro-Motion Tracking and Image Segmentation

The micro-motion images are acquired using a Point Grey DragonFly2 camera shown

in Figure 4.1 5 , equipped with a 4.5× magnification microscope lens. The image segmen-

tation discussed in the following sections were performed using MATLAB2016a.

In order to define the continuum robot tip in position and orientation at every pose over

the workspace during micro-motion, images are acquired at each robot configuration as

shown in Figure 4.1.C.
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Figure 4.1: CREM experimental Setup: (A) System setup: 1 Micro-motion Wires
Actuation Unit, 2 Continuum Robot Actuation Unit, 3 Continuum robot, 4 Microscope
Camera, 5 - Macro Camera and Light Source. (B) Continuum Robot tip: 1 - Continuum
robot end-disk, 2 Micro-motion marker. (C) Continuum Robot configurations: 1 θ1 = 75◦,
2 θ1 = 60◦, 3 θ1 = 45◦, 4 θ1 = 35◦, 5 θ1 = 15◦
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Figure 4.2: Examples of images from macro-micro robot experiments: (A) captures the
macro motion of the robot and (B) is taken from the micro motion experiment where a red
colored dot is attached to the tip of the robot

As shown in Figure 4.2, two images are acquired simultaneously at each robot con-

figuration. In Figure 4.2 (A), the macro motion image, the goal is to capture the shape

information of the bent continuum robot segment, which includes the following specific

target goals:

(a) Obtain the end disk position and orientation, the position unit should be in pixels while

the orientation should be expressed with a 2D rotation matrix.

(b) Obtain the position and orientation of sample locations along the central backbone.

(c) Fit a spline/polynomial curve to express the curvature profile.

In Figure 4.2 (B), the goal is to capture the tip position and orientation. The position can

be captured, for example, using the center of the red colored dot or another type of marker

that will be introduced in the following sections. The orientation can be either estimated

using the parallel lines on the tip of the robot, or it may be estimated using another marker.

In the following sections, the technical development is discussed to obtain the shape

information in macro motion mode of the continuum robot and the tip information in micro

motion mode. Two strategies are explored:

(i) A strategy is discussed in section 4.8, that only uses a red dot and the robot outline
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Figure 4.3: Results of markerless strategy using RGB color original images: (A,C)
Acquired images (B,D,E) Post processed Images.

itself (example images as in Figure 4.2);

(ii) A strategy that uses a "X" shape marker is discussed in section 4.5(example images

as in Figure 4.9).

4.3 Development of a Tracking Method using Color Circle Marker

A strategy is discussed in this section about combining a markerless tracking method

for the shape of a continuum robot and a color circle marker tracking method for motion

under microscope. As shown in Figure 4.3 and Figure 4.4, both macro and micro motion

images were acquired and segmented. In both Figure 4.3 and 4.4: (A) and (C) are original

images for macro and micro motion respectively; (B) is the resultant segmenting image

with the snake curve boundary; (D) and (E) are the resultant segmenting images with the

center of circle as position and the tip direction line respectively.
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Figure 4.4: Results of markerless strategy using gray scale original images.

Figure 4.5: Image segmentation steps of markerless method for continuum robot shape: :
(A,C) Acquired images (B,D,E) Post processed Images.
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4.3.1 A markerless method to segment the shape of continuum robots

To segment the shape of the continuum robots in a markerless fashion, the following

steps are applied, shown in Figure 4.5:

(i) A "RGB2Gray" conversion is applied first if the source image is in color(Figure 4.5.A).

Then a Sobel intensity edge finder is applied, resulting in a binary image of the

edgeFigure 4.5.B.

(ii) A Hough line transformation is used on the binary edge image where the detected line

segments are marked in green color(Figure 4.5.C). The detected line segments cover

most of the outline of the continuum robot, which naturally leads to the next step -

selecting the edges that lie along the robot bending curve.

(iii) A K-means clustering method is applied to automatically label all the detected lines in

three groups (red, yellow and magenta) (Figure 4.5.D-E). The color labeled lines are

drawn in both the binary edge image and the hough space to shown correspondence.

The K-means clustering is applied in hough space based on the moment of line and

the orientation of line, resulting in a good selection that will eliminate outliers and

lines that are perpendicular to the robot bending curve tangent directions (e.g. the

yellow and magenta samples are deleted from this step forward). Both ends of all the

selected lines are stored as sample points to be used for curve fitting procedures.

(iv) A polynomial curve fitting is applied on all of the sample points (Figure 4.5.F). This

is used as a initial guess of the rough centerline of the continuum robot.

(v) The guessed centerline is used to split all of the samples and then the distances to the

centerline are used to remove outliers that are either too far or too close to it. This

results in nice selection of the sample points that are on the outline of the continuum

robot (yellow and magenta scatters in Figure 4.5.G).

(vi) A refining procedure is applied again to select the final outline sample points to

characterize the outline curve (Figure 4.5.H-I).
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Figure 4.6: Image segmentation steps of markerless method for tip position of continuum
robots using color images

4.3.2 Segmenting the tip position and orientation using a colored circle marker

The image segmentation of the tip position of a continuum robot in a microscopic scale

using a simple red dot marker is shown in both Figure 4.6. The image processing steps are

explained as follows for using the color image source:

(i) A Hue Mask is applied to select the red pixels, resulting in a binary image containing

both the red circle and the tip of the robot (Figure 4.6.A).

(ii) A K-means clustering method is applied to automatically group all the pixels into two

groups based on the locations of the bright pixels (Figure 4.6.B).

(iii) Then a Sobel intensity edge finder is applied, resulting in a binary image of the circle

edge (Figure 4.6.C).

(iv) A Hough Circle transformation is applied to determine the radius and center of the

circle in the edge binary image (Figure 4.6.D).

The steps for using gray image source are the same as the steps for color except that Otsu

threshold method is used to generate a binary image.

The image segmentation of the tip orientation of a continuum robot on a microscopic

scale is continued from the position segmentation and is combined with the Hough line

transform and line clustering in the previous markerless shape segmentation, as shown in

Figure 4.8. The detailed explanation of each step used is listed as follows:

(i) This step is continued from previous intermediate images in tip position segmenta-
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tion. In color image cases, the group of pixels of the tip after hue mask is selected

(Figure 4.8.A-B). In gray cases, the area that Otsu threshold selected previously is re-

moved and reapply Otsu again to the background for inverse selection (Figure 4.8.G-

H).

(ii) Then a Sobel intensity edge finder is applied, resulting in a binary image of the edge

(Figure 4.8.c-I).

(iii) A Hough line transformation is used on the binary edge image where the detected line

segments are marked in green color (Figure 4.8.D-L).

(iv) A K-means clustering method is applied to automatically label all of the detected

lines in three groups (red, yellow and magenta). Both ends of all the selected lines

are stored as sample points to be used for curve-fitting procedures (Figure 4.8.E-M).

(v) A line fitting is applied to obtain the centerline of the tip of the robot in the images

(Figure 4.8.F-N).

4.4 Experimental results

These particular examples presented above, show that by using RGB color images we

get slightly better results, infact, the detected edges are better representing the continuum

robot macro shape. Furthermore, the segmentation presents a detected circle better rep-

resents the red dot marker and a line that better aligns with the center line of the robot

tip.

However, all imaging processing was preliminarily implemented in Matlab2016a and

the computation times were listed in Table 4.1, showing that using gray scale images in

this strategy can significantly cut down the computation cost. In order to explore dif-

ferent solutions that could better identify position and orientation of the CR, limiting the

segmentation-noise generated by the different filters applied on the images and rely, instead,

more on unambiguous geometric feature, the next section presents the efforts of tracking a

different kind of markers.
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Table 4.1: Computation time comparison between using RGB color images or gray scale
images

Figure 4.7: Image segmentation steps of markerless method for tip position of continuum
robots using gray images

Figure 4.8: Image segmentation steps of markerless method for tip orientation of
continuum robots
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Figure 4.9: Examples of images where X markers are attached on both the robot segment
body and the tip: (A) captures the macro motion of the robot and (B) is taken from the
micro motion experiment

4.5 Development of a Tracking Method using X Markers

A method is described in this section to segment both the shape of a continuum robot

and the tip and orientation on microscopic scale using X markers. An example is shown in

Figure 4.9, where multiple X pattern markers are attached to the body of a continuum robot

and are tracked under a HD camera. From each X marker, the position can be provided

by the intersection of the edges of the pattern while the orientation can be provided by the

orthogonal edges. With the measurements provided by multiple markers along the body of

the continuum robot, the shape curvature profile can be obtained.

In addition, another marker with the same pattern is attached to the tip of this continuum

robot but is tracked under a microscope camera view, as shown in the same example from

Figure 4.9. By focusing on this single X marker in a magnifying view, as in Figure 4.9(B),

a very high-resolution measurement of position and orientation is provided.

4.5.1 Tracking a single X marker under microscope

We will start with the description of the segmentation steps of a single X marker because

it is easier since:
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Figure 4.10: Image segmentation steps of one single X marker under microscope that
provides position and orientation

• The marker occupies a big portion of the image.

• No other markers are in the same view.

• The characteristic features of the marker are easily distinguishable from one sample

image (four edge lines and four intersection points).

The segmentation steps are depicted as follows, as shown in Figure 4.10:

(i) A contrast adjustment is applied to the original image to provide a brighter contrast

of the black/white feature. Then a Gaussian filter is applied for smoothing the noisy

edges in the image (Figure 4.10.A).

(ii) The Sobel edge detector is used to generate a binary edge image. A hough transform

is used then to segment all lines in the image (Figure 4.10B).

(iii) All the lines detected are clustered to multiple groups only based on their directions

(Figure 4.10.C).

57



(iv) Using the mean angle of each line group to represent it, from all groups, one pair of

groups with the most orthogonality are selected (Figure 4.10D-E).

(v) Inside each of the groups selected, the lines are clustered again to another two sub-

groups based on the moment of lines (Figure 4.10.F-G-H). By averaging each sub-

group, the four edge lines are obtained.

(vi) The four intersection points are calculated based on the four detected edge lines

(Figure 4.10.I).

(vii) The position of this marker is calculated as the centroid of the four intersection points.

The orientation is obtained by averaging the parallel lines and then re-adjusting to

satisfy the orthogonality (Figure 4.10.L).

4.5.2 Tracking multiple X markers attached on a continuum robot

Segmenting multiple X markers simultaneously is much more challenging than seg-

menting a single X marker under microscope because:

• The black/white edges or corners are not occupying most of the view making these

features not unique anymore.

• The difficulty in balancing between maximizing the number of markers attached and

maximizing the size of each individual marker, which eventually leads to almost

pixelated images of individual markers.

To solve these challenges, a method is implemented here based on Harris feature detec-

tion, Delaunay triangulation and an extrema intensity gradient method [110].

The segmentation steps are shown in Figure 4.11 and explained as follows:

(i) The original image is first adjusted automatically to have stronger contrast, making

the X marker features more detectable (Figure 4.11.A).

(ii) A Harris feature detection is applied (Figure 4.11.B). All of the red scatters are

detected as Harris corner features, which introduce many false undesirable corners.
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Figure 4.11: Image segmentation steps of multiple X markers attached to the body of a
continuum robot for capturing the shape information

(iii) A Delaunay triangulation process is applied (Figure 4.11.C), resulting in a triangle

mesh that connects all the detected points from the previous step.

(iv) Special features are noticed from each X marker:

• Right angle triangle

• An approximal range lengths of legs

Taking advantage of these conditions, the triangles that are close to X markers are

identifiable (Figure 4.11.D).

(v) The triangles that are not qualified for the previous conditions are removed, leaving

approximately most of the centers of all X markers. (Figure 4.11.E)

(vi) Square masks that are centered at the selected corners are used to process each X

marker (Figure 4.11.F).

The size of the square mask is approximately the diameter of the X marker. From this
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Figure 4.12: Image segmentation of one X marker from multiple marker arrangement

step, a position and an orientation is provided from each marker following [110]. The

implementation details are shown in Figure 4.12 and explained below.

As shown in Figure 4.12, a set of discrete pixels along a circle with a given radius are

used to sample the intensity. Considering all the points on this circle, four extrema can be

found if the circle is complete and these four points can be used to identify the position and

orientation of this marker. The key challenge in segmenting one of multiple X markers is

to maintain a strong stability even in cases where the image is pixelated. This is achieved

by first calculating extrema points using different radii then finding global maximal and

minimal intensity gradients.

4.6 Experimental results

Table 4.2: Computation time using X markers compared to the color circle marker method.

The results of segmenting the two example images using the method in this section
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Figure 4.13: Examples of segmentation results using X markers: (A) captures the shape the
continuum robot by segmenting the positions and orientations of multiple X markers and
(B) captures the position and orientation under a microscope using an X marker

are shown in Figure 4.13 and the computational cost compared to the previously discussed

methods is shown in Table 4.2. From the comparison table, one can see that using a single

X marker can significantly reduce the computation cost for tracking micro motion under a

microscope. However it is more expensive computationally to capture the robot shape in

the current stage of implementation than the previous markerless method.

4.7 Micro Markers Tracking Testing and experimental setup

Using results from the previous section, Figure 4.14.A shows an acquired image of

a marker mounted on the tip of the continuum robot. The image is processed to obtain

position and orientation of the marker in order to track the position and orientation of the

continuum robot tip. In a single experiment the equilibrium modulation wires are fully

inserted through the entire length of continuum robot and an image is acquired every

insertion step. The Figure 4.14.B shows the position of the marker center over a single

experiment. The unclear position of the points, due to the poor resolution of the marker

and image processing method, sensitivity to environmental lighting conditions, required

significant improvement in the image segmentation ,optical tracking and optical marker
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design. Therefore, to achieve micro-motion real time tracking it is required to investigate

different building materials and different designs for a new marker to obtain its position

and orientation, together with a more accurate and faster image segmentation method for

real time marker tracking.

Figure 4.14: Single X marker segmentation: (A) Captured and processed micro-motion
image of the robot. (B) Recorded position of the marker center during a single experiment

In the following sections, a new marker along with a new image processing and real

time tracking of the continuum robot tip during micro-motion are described.

4.8 Micro-Motion Tracking Using Photomask Circle Markers

To overcome robustness and accuracy limitations of micro-motion tracking methods

tested in the previous section, a new design for the micro marker and a new image segmen-

tation method for tracking it in real time are presented. While X markers were more robust

than color-based markers, they still exhibited errors due to poor definition of their edges

and sensitivity to environmental lighting. These problems led to use a different material

and marker fabrication method and the use of dedicated lighting. To overcome limitations

of edge definition in printed markers, a single circle marker (Figure 4.15.A) was fabricated

using a photomask sheet made by www.outputcity.com. To segment the circles in the new

marker, the following steps are applied:

• A "RGB2bw" conversion is applied first to convert the image to black an white.
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• A Hough circle transformation is applied to identify circles in the image as shown in

Figure 4.15 (B)

• The last step is removing other undesired circles by thresholding the radius of de-

tected marker in order to obtain the identify the desired circle 4.15 (C).

Figure 4.15: Single Circle Photomask marker: (A) Circle definition and pixels conversion.
(B) Processed image. (C) Circle center identification

Using the new marker, the tracking results were substantially improved. Figure 4.16 (A)

shows the position of the marker center over 40 pictures acquired while the continuum robot

tip was kept stationary. The plot shows a maximum deviation of 1 µm along y direction

and 2 µm along x direction. Figure 4.16 (B) shows the result of tracking the center circle

during micro-motion of a single segment continuum robot. The plot shows a significant

improvement in motion tracking compared to the result of the same experiment when using
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the X marker (Figure 4.2 (B)).

Figure 4.16: Results of Single circle marker strategy: (A) Stationary marker test results.
(B) Tracking result for micro-motion.

Once the new marker segmentation has been defined for position tracking, we needed

to track the orientation of the marker . We have addressed this requirement by designing a

final new marker geometry as explained in the next session.

4.9 Micro-motion Tracking

As shown in Figure 4.17, different geometries were designed and tested together with

an 144 LED Microscope Ring Illuminator mounted on the camera for optimal lightning

condition and avoid any shadow on the marker. The final new marker was defined by three

circles of 250 µm in radius, located in a specific pattern that uniquely identify marker

position and orientation as shown in Figure 4.18 (B).

Given the new marker, the following steps are applied following the previous circle

segmentation procedure in order to define the position and orientation of the marker:

• Each image is converted to B/W and each circle is segmented using the Hough circle

method to obtain the centers of all markers.

• Vectors are defined between all circle pairs
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Figure 4.17: Tested designs of markers made out of photomask material: (A) Photomask
printed sheet (B) Photomask sheet cad model

• The lengths of the vectors and relative angles between them are used to prune and

sort the vectors to match the known marker template.

• Using the sorted vectors matching the marker template, the center and orientation of

the marker frame relative to camera frame are calculated.

Once the image segmentation method for the new final marker is defined, the next

section presents the experimental evaluation for asses the robustness of such marker and

image segmentation framework.

4.10 Experimental Evaluation

4.10.1 Vision Tracking Accuracy

One challenging aspect of this work has been the evaluation of accuracy and repeata-

bility of the micro-motion tracking method. There are several devices on the market for

micro-motion tracking. Due to the high sensitivity of the entire experimental apparatus to

vibration, it has been impossible to design or use any manually actuated device in order

65



Figure 4.18: Three circles marker: (A)(C) Frame correspondence between marker frame
and EE Frame (blue and red arrows), robot/camera frame(yellow and green arrow). (B)
Three circles marker specifications

to compare the real motion displacements against the measurements obtained from our

method.

Due to these difficulties, in order to have a way to evaluate the accuracy and repeatabil-

ity of the presented micro-motion tracking method, we designed two sets of experiments.

The first experiment used 6 sets of 45 pictures of the marker taken while the marker was

attached to a fixed frame. Box plots of the X and Y coordinate values over the 6 sets are

reported in Figure 4.19. The boxes contain samples between the first and third quartiles of

the data. The box plot shows an overall maximum error range over the measurements of

0.8µm in the X direction and 0.5µm in the Y direction. The marker center position in one

set of the experiments is shown in Figure 4.20, it shows that the center marker positions

acquired from the segmentation method has an error in repeatability of ±0.4µm in the Y

direction and ±1.4µm in the X direction. This first set of experiment was designed to

provide a baseline for defining the repeatability of the image processing method described
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Figure 4.19: Marker center position error on X and Y direction respectively along 6 set of
experiments

in the previous sections.

Figure 4.20: Marker tracking result over 1 set of experiment

The second set tested the micro-motion tracking accuracy. A multi-circle tracking

marker, rigidly attached to a Parker Micrometer Cartesian Stage M4434, was moved repet-

itively back and forth 200 microns(±2µm Parker stage accuracy) in the Y direction. A

picture was acquired at every pose for a total of 30 pictures. Every picture was processed

and the locations of the marker centers recorded. Figure 4.21.A displays X and Y co-

ordinates for the 30 images. The Y component(diamond) moves about 200µm between

each image and the X component(star) maintains the same value, accordingly with the
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experiment setup. Figure 4.21.A shows the vertical distance between the markers’ centers

at each consecutive image, varying between 202.8µm and 203.5µm.

Figure 4.21: Evaluation measurements: (A) Stroke length for motion step, (B) X(*) and
Y(diamond) coordinates of the marker center position

In conclusion, we have verified that the positional tracking accuracy is better than 1µm

for a fixed and a slowly moving marker. The results in Figure 4.21 also verify this tracking

accuracy for a micrometric linear stage with an estimated error of±0.2µm due to user error

when rotating the micrometer.

4.10.2 Micro-Scale Motion via Equilibrium Modulation

To evaluate the feasibility of micro-motion via equilibrium modulation and to assess the

end effector accuracy and repeatability we have used the experimental setup of Figure 4.1

and induced equilibrium modulation using the modulation wires in 5 different bending con-

figurations of the continuum segment. Each configuration is identified by two parameters

δ and θL as defined in [26]. θL is the angle between the horizon and the normal to the end

disk of the segment while angle δ is the angle of the plane in which the segment bends.

While keeping δ = 90 we tested 5 different configurations as shown in Figure 4.22.C.

To evaluate repeatability, we carried out 10 sets of experiments for each configuration.

During a single experiment the 3 insertion wires were inserted using a speed of 0.5 mm/s.

The wires were stopped at increments of 1 mm insertion to allow image acquisition of the

multi-circle marker for a total of 45 images per experiment.

The motion tracking results using multi-circle marker are shown in Figure 4.23 and

68



Figure 4.22: Micro-scale motion via equilibrium modulation: (A) Frames assignment
for micro-motion tracking (B) Micro-motion tracking result example for each CR
configuration (C) CR configurations

Figure 4.23: Experiment result: X and Y coordinate box plot of micro-motion tajectory in
θ = 60◦ configuration
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Table 4.3. Figure Figure 4.23 shows the box plot for the X and Y coordinate values of the

marker center over the entire insertion travel, for θL = 60◦ .

Table 4.3 summarizes the results from the 5 configurations reporting the largest and

smallest amount of error along the X and Y directions that correspond to largest and

smallest squares of the box plots, it also reports the value of the standard deviation of

the overall error values in the 10 trials.

Table 4.3: Position variations (in µm) for 10 repetitions per each of the 5 continuum robot
configurations of Figure 4.1.C

Config. Max/Min
X-error† STD on X Max/Min

Y-error
STD on Y

1 16/9 6.9 3.5/1 1.3
2 8/3 4.03 3/1.5 1.48
3 24/12 10.02 12/10 6.76
4 12/1 5.40 7/1 3.29
5 40/26 21.35 31/14 16.20

† The linear actuators used to drive the NiTi wire have a manufacturer-specified backlash of 200 microns

Figure 4.24 shows a polynomial spline fit, based on the boxplot analysis, along the X

and y direction for the 5 different CR configurations over the 10 experiments. We note that

these motion results were obtained despite the use of the Velmex linear slides with plastic

nuts having backlash of 200µm.

Figure 4.24: Mciro-motion trajectories: polynomial spline fitting of X and Y coordinates
trajectory obtained over the 10 set of experiments in the 5 different CR configurations
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4.11 Conclusion

Different tracking markers design, manufacturing techniques, image segmentation method

were presented.. Using custom markers and image processing algorithms we demonstrated

tracking accuracy with errors less than 1µm. We also evaluated a CREM prototype and

showed that the robot can move with high repeatability of less than 10µm while the motion

resolution is sub 2µm. We observe (Figure 4.22.B) that in early stages of equilibrium

modulation wire insertion, a bent continuum segment moves in a direction of straightening

its shape. As the wires are inserted deeper a turning point occurs in which the monotonous

relationship between wire insertion and segment straightening is reversed: further insertion

of the wires corresponds with an effect of "turning point" during which the segment recov-

ers some of its bent shape. This behaviour led us to the next chapter of this thesis where

the efforts over the modeling for the micro-motion and the investigation for the source of

the turning point phenomenon are presented.
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CHAPTER 5

MODELING CREM KINEMATICS

5.1 Introduction

Most works on kinematic modeling assume circular bending of the CR segments [81,

111, 112]. Few exceptions include [113]which addressed the exact kinematics and statics

of multi-backbone CRs and [114, 115] who addressed the exact statics and dynamics of a

continuum robot having a single central backbone actuated by wires. Works on control of

continuum robots primarily include works on position control and motion control. These

robots require actuation compensation to overcome flexibility effects and modeling inac-

curacies. Friction modeling [116], backlash identification and cancellation [117][64], ex-

tension of actuation lines [118], and kinematic coupling between serially-stacked segments

[3] have been investigated in order to modeling motion compensation for CR. Furthermore,

extensive works have been done over closed-loop control strategies which include the use of

sensors and multiple control loops closed at different levels. For example, researchers have

investigated single-camera vision algorithms [119], multi-camera vision methods [120],

string pots and encoders [121], and electro-magnetic trackers [122] to provide information

about the current configuration of the continuum manipulator.

To the best of our knowledge, there have been no prior works on modeling and control

for equilibrium modulation of continuum robots. As it was observed in the previous chapter

through EE tracking during experiments, a counterintuitive turning point behavior occurs

during insertion of the insertion wires. This chapter proposes new modeling and closed-

loop control approaches for continuum robot with equilibrium modulation, explaining the
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"turning point" behaviour, enabling unprecedented fine motion at the micro scale.

In section 5.2 is presented the first approach on modeling the CREM system based

on moment coupling between the portion of the continuum segment that contains the

insertion wires during micro-motion and the empty part of it. Section 5.5.2 presents an

energy minimization approach that provides insight into why the turning point behavior

occurs and predicts an ideal turning point behavior, but in experimental data (as shown

in Figure 4.22.A) on page 69, we observe that the tip position does not completely return

to the starting point after the insertion wires are fully inserted. We call this the observed

turning point behavior. We believe this is caused by unmodeled energy dissipation (e.g.

friction, hysteresis), which are nontrivial to incorporate into a mechanics model. For this

reason, in section 5.5.3 we present a purely kinematics-based model that modifies one of the

kinematic model parameters (the bending angle β ) to replicate the observed turning point

behavior. Finally, in section 5.6.1 we present a third approach based on an experimental

data which provides empirical derivation of the micro-motion Jacobian, which accounts for

unmodeled effects that may shift the turning point from its theoretical value.

5.2 Simplistic Moment-coupling Effects approach

This section presents the first approach for modeling the CREM based on internal

moment coupling of the continuum segment when equilibrium modulation is active. For a

thorough presentation of the applied method and for a deep explanation of the results, we

refers the reader to [109]. To motivate the modeling approach taken we will first refer the

readers to [2] where a generalized modal approach to the kinematics of continuum robots

was presented. In practice, when the constraint wires were not inserted, the continuum

segment bends in a constant curvature and the kinematics was solved in [2]. For a given

insertion depth of the constraint wires, the radius of curvature was no longer constant

throughout the segment length. Using the approach in [2], it was trivial to modify the

kinematics for a given profile of radius of curvature along the length of the continuum
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segment. We will therefore focus below on presenting the preliminary approach of Wang

et al. [109] to modeling the equilibrium shape for a given insertion depth of the constraint

wires.

Figure 5.1: Example of a bent snake segment inserted with a stiff wire

Figure 5.1.A shows a continuum segment that has no constraint wires inserted. Fig-

ure 5.1.B shows the equilibrium shape when a stiff constraint wire was inserted in the

primary backbone of a multi-backbone continuum segment. A separation plane may be

defined up to the insertion point, dividing the segment into two sub-segments - Inserted

and Non-inserted. It was also assumed that the two sub-segments each have constant

curvatures, but the two curvature values were different. The angles θ ′, θs and θ0 denoted

the end-disk angle, the bending angle at the separation plane and the tangent angle at the

end disk, respectively, while θ denoted the tip angle before insertion of the micro-motion

wire. The moment M1 denoted a reaction produced by the empty subsegment and it was

applied at the separation plane. In addition, M1 was the same as the moment along the entire

segment when no wire was inserted as in Figure 5.1.A. M2 denotes the moment produced

by the backbones of the Inserted sub-segment and Ms denotes the moment produced by the

inserted stiff wire. Writing M1, M2 and Ms in a torsional spring format, according to [109]

we obtain:
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M1 = k0 (θ −θ0), k0 =
EpIp

L
+∑i

EiIi

li
(5.1)

M1 = k1 (θ
′−θs), k1 =

EpIp

L−qs
+∑i

EiIi

lni

(5.2)

M2 =−k2 (θs−θ0), k2 =
EpIp

qs
+∑i

EiIi

lsi

(5.3)

Ms =−ks (θs−θ0), ks =
EsIs

qs
(5.4)

where EpIp and EiIi denote the bending stiffness of the central backbone and the ith sec-

ondary backbone, respectively. Symbol lsi denotes the length portion of the ith secondary

backbone that belongs to the Inserted subsegment and lni denotes the length portion that

belongs to the Non-inserted subsegment. L and Li denote the lengths of the central back-

bone and the ith secondary backbone, i.e. Li = lsi + lni Referring to Figure 5.1.B we use the

following static equilibrium equation:

M1 +M2 +Ms = 0 (5.5)

To obtain the equilibrium shape, we seek a solution for θ ′ given {θ ,δi,qs} as the

following:

θs =
k1θ ′+ k2θ0 + ksθ0

k1 + k2 + ks
(5.6)

θ
′ =

k0

k1
(θ −θ0)+θs = fθ ′(θs) (5.7)

Equations (5.6) and (5.7) present an idealized model ignoring friction and modeling

uncertainty. However, as discussed in [83, 123], unmodeled uncertainties may occur,

including friction and strain along the actuation lines, perturbations from the circular-

bending shape of the individual segments, deviations in the cross section of the backbones

during bending, and uncertainties in the elastic properties of the NiTi backbones. To
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address these uncertainties, and inspired by [83, 123], an uncertainty term λ (qs,θ ,kλ )

is introduced as a function of variables {qs,θ} and a vector representing the values of

the parameters denoted as kλ ∈ IRnk. Then the static equilibrium equation (5.5) and the

solution equation (5.6) are updated as the following:

M1 +M2 +Ms = λ (qs,θ ,kλ ) (5.8)

θs =
k1θ ′+ k2θ0 + ksθ0−λ

k1 + k2 + ks
(5.9)

As a result of the equilibrium shape modeling, we are able to solve the equilibrium tip

bending angle θ ′ and the bending angle at the separation plane θs given the nominal tip

bending angle θ , the bending plane angle δ , and the insertion depth qs.

Then referring to the definition of configuration space variable ψ in [2] and allow us to

introduce a new equilibrium configuration space variable φ, defined as:

φ, [θs,θr]
T, ψ , [θ ,δ ]T (5.10)

θr , θ
′−θs +π/2 (5.11)

where θr represents the relative bending angle which is prepared for the kinematic model-

ing for later sections. The equilibrium shape modeling may then be described as a mapping

Feqm which provides ease in deriving the Jacobians in later sections:

φ= Feqm(ψ,qs,kλ ), φ ∈ IR2,ψ ∈ IR2,kλ ∈ IRnk (5.12)

Equation (5.12) is the key equation resulting in the equilibrium pose of the end disk of a

continuum segment for any given wire insertion length. This equation is next used to derive

micro-motion instantaneous kinematics Jacobians that are necessary for control purposes.

Note that this model includes a parametrization of modeling uncertainty kλ and will be

used for kinematic identification and calibration of micro-motion models these robots.
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Figure 5.2: A single segment treated as two serially connected sub-segments for a given
micro-motion wire insertion depth.

We assumed that the constraint wires were inserted in synchrony to depths correspond-

ing to arc length s = qs along the central backbone. To reflect this change, we will define

the augmented joint space vector as q = [q1,q2,q3,qs]
T .

Table 5.1 and Figure 5.2 present the nomenclature used in this section. The position

and the orientation of the insertion frame {C}(qs),

Once the homogenous transformation T ∈ SE(3) that represents the location and orien-

tation of the EE is calculated as:

T =

 bRg
bg

0 1

= T(φ,δ ,qs) (5.13)

it possible to derive the full differential kinematic relation, expressed as:

b∆T = Jxφ dφ + Jxδ dδ + Jxqs dqs

Jxφ ∈ IR6×2, Jxδ ∈ IR6, Jxqs ∈ IR6
(5.14)

In (5.14), the Jacobian matrix Jxφ relates the small change in equilibrium bending
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Table 5.1: Nomenclature for Kinematic Modeling

Symbol Description
Frame {F} designate a right-handed frame with unit vectors x̂ f , ŷ f , ẑ f and f as its origin.

Frame {B} the base disk frame with b located at the center of the base disk, x̂b passing through the
first secondary backbone and ẑb perpendicular to the base disk.

Frame {1}
characterizes the plane in which the snake segment bends, ẑ1 = ẑb and x̂1 passing
through with the project point of the end disk center. The angle δ is defined as from x̂1
to x̂b about ẑb according to right hand rule.

Frames
{E} & {G}

Frame {E} is defined with ẑe as the normal to the end disk and x̂e is the intersection of
the bending plane and the end disk top surface. Frame {G} is the gripper frame that has
the same ẑ as {E}, i.e. ẑg = ẑe, but x̂g is passing through the first secondary backbone.
It can be obtained by a rotation angle (−σ1e) about ẑe.

Frames
{P}(qs) &
{C}(qs)

associated with the micro insertion arc length qs. These frames are defined in a manner
similar to the definition of frames {E} and {G} but for a specific arc insertion length qs
as opposed to the full length of the robot segment L. The x̂c− ŷc plane is the insertion
plane as in shown in the planar case in Figure 5.1

angles φ = [θs,θr]
T to the differential motion vector, the second Jacobian Jxδ , relates

the small change in the bending plane angle δ to the differential displacement b∆T, the

third Jacobian Jxqs , relates the change in the insertion depth qs to the end-effector pose x,

assuming φ does not change.

Finally, the full differential kinematics that relates small change in {ψ,qs,kλ} to the

differential displacement b∆T is obtained:

b∆T =

[
Jxφ Jφθ Jxφ Jφδ +Jxδ

]
︸ ︷︷ ︸

JM

dψ +

[
Jxφ Jφqs +Jxqs

]︸ ︷︷ ︸
Jµ

dqs + Jxφ Jφkλ︸ ︷︷ ︸
Jk

dkλ

(5.15)

Therefore, JM is defined as the Macro motion Jacobian, Jµ is defined as the Micro motion

Jacobian and Jk is defined as the Identification Jacobian.

5.3 Simulations Results of Macro and Micro Motion

In the this section are reported the results from the macro-micro motion simulation

based on the framework described above. For more in depth explanation of each simulation
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case and for a more thorough description of the algorithm used for each simulation method,

the reader is addressed to [109].

In order to catch the "turning point" behaviour aforehand mentioned using the mod-

eling framework presented in the previous section, an uncertainty term λ is introduced

in (5.8) as a function of {θ ,qs}, parameterized by kλ . A simulation with the modeling

uncertainty is conducted at θ = 30◦ (Figure 5.3.A), and the zoom-in tip trajectory is shown

in Figure 5.3.C, alongside a simulation result at an ideal condition in Figure 5.3.B. The

comparison showed that even a simplified linear function of λ created a nonlinear hysteresis

behavior on the tip micro motion. In fact, the experimental results in later sections shown

similar behavior on the real robot.

Figure 5.3: Simulations of robot wire insertions for continuum robot micro motion: (a)
the entire segment when wire were inserted; (b) the zoom-in view of the tip micro motion
assuming ideal condition, i.e. λ ; (c) the zoom-in view of the tip micro motion assuming a
linear uncertainty function.

Figure 5.4, where A and B shows the micro motion Jacobians computed for both the

ideal case and the case with modeling uncertainty. Comparing Figure 5.4.A and B, we

can observe how the modeling uncertainty (for example friction effects) is affecting the

micro motion Jacobian significantly. While Figure 5.4.A and B shows the motion Jacobian

and how the modeling uncertainty affected the motion, Figure 5.4.C reveals how the error

of parameters of modeling uncertainty affect the tip position, which was the fundamental

relation that we relied upon on to correct kλ .
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Figure 5.4: Tip velocity based on micro-motion Jacobians: (a) Using micro motion
Jacobian for λ = 0; (b) Based on micro motion Jacobian in for λ 6= 0; (c) The effect of
changes in kλ on the instantaneous kinematics is used for kinematic identification

5.4 Conclusion

The first modeling attempt for the new concept of CREM, continuum robot capable of

multi-scale motion, was presented in this chapter. A simplified kinematics model based

on moment coupling effect within the mechanical structure of the continuum segment

was discussed. The model approach led to utilize an uncertainty parameter which could

compensate for the mechanical losses generated in the modeling due to the simplified model

assumptions. Despite the parameters inaccuracy, the modeling framework was validated

experimentally and it shows an RMS error in position of 6µm between the experimental

data and the model generated trajectory over the entire EE micro-motion path. The neces-

sity to have a more complete and accurate models for control purpose highlighted the needs

to investigate new modeling approaches which are presented in the following chapter.

5.5 Modeling Micro Motion Kinematics

In the previous section we have demonstrated a method that could replicate the turning

point behaviour observed in the experimental result of section 4.9. Although we were

able to replicate the behaviour, it was not explained why or how this phenomenon is

generated. This explanation is presented via an energy-minimization approach and a purely

kinematics-based approach in this section. However, even if we do not use these two
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models for control purpose, we believe the exposition and analysis herein provides im-

portant insight into the counterintuitive micro-motion behavior. For the purpose of control,

Section 5.6.1 provides an approach that directly derives the micro-motion Jacobian from

experimental data. This work was presented in [124].

5.5.1 Kinematic Assumptions and Notation

Although our formulation in Section 5.6.1 allows spatial macro-motion, in this section

we utilize micro-motion within a single bending plane only. The reader is referred to [3]

for a spatial model of continuum robot kinematics. In this section, we introduce the planar

kinematic modeling assumptions and notation for the micro-motion, i.e. when the insertion

wires are inserted through the secondary backbones.

Figure 5.5 shows the continuum segment before and after the insertion of the micro-

motion wires at s insertion depth. For simplicity of description, we treat the continuum

robot as two different consecutive constant-curvature subsegments. The first (proximal)

subsegment is defined from the base disk of the continuum segment to the insertion plane

generated by the tips of the insertion wires. The second (distal) subsegment is defined

from the insertion plane to the end disk. The solid (black) outline refers to the continuum

segment before the insertion of the wires. The dashed (blue) outline identifies the inserted

proximal subsegment while the dotted (red) outline identifies the empty distal subsegment

after insertion.

The nomenclature henceforth used is listed herein. Subscripts p and d will designate

properties of the proximal and distal subsegments. Also, subscripts e and f will denote the

states where the proximal subsegment is empty or filled with insertion wires, respectively:

• s: insertion depth arc length along the central backbone (measured from the base

disk).

• ∆i: the radial offset of the i-th secondary backbone from the primary backbone.
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Figure 5.5: Modeling micro motion using two circular-bending subsegments. 1 is the
proximal subsegment terminating with the insertion plane passing through the tips of the
three insertion wires. 2 is the distal subsegment. Segment in solid lines is before insertion
of modulation wires. Segment in dashed lines is after insertion of said wires.

• L: continuum segment central backbone length.

• Li: length of the ith secondary backbone of the continuum segment.

• ρ0: radius of curvature of the continuum segment prior to insertion of modulation

wires.

• ρp and ρd: radii of curvature of the proximal and distal segments, respectively.

• θ0: the angle of the upward-pointing normal to the base disk (θ0 = π/2).

• θL: the continuum segment end disk angle.

• β : the change in the angle of the insertion plane when the modulation wires are

inserted.

We also make the following kinematic assumptions:

• The radius of curvature of each continuum segment are constant at each insertion

step.
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• The bending angle θL is constant through the entire insertion process, as shown in

[26].

• The circular distal and proximal subsegments are tangent.

To identify the shape of the continuum segment during the insertion process, the follow-

ing equations are derived in order to obtain the radius of curvature of the proximal and distal

subsegments and to predict the EE micro-motion. We first present an energy-minimization

approach that predicts a turning-point behavior similar to what was experimentally ob-

served in the Chapter 4.

5.5.2 Energy Minimization Approach

We now provide a simple mechanics model that predicts the turning point via energy

minimization. We make a simplifying assumption that the tubes and intermediate disks

making up the MBCR structure (without any insertion wires) can be modeled as a single

tube with bending stiffness kt and precurvature u0. These two parameters are a direct out-

come of the macro-motion equilibrium configuration at which micro-motion is generated

via equilibrium modulation. This precurvature is related to the bending angle:

u0 =
1
ρ0

=
θL−θ0

L
(5.16)

We next consider the change in elastic energy relative to macro-motion equilibrium con-

figuration at which there are no wires inserted. We model the insertion wires as a single

beam with bending stiffness kw and we assume straight wires. Using these assumptions, the

curvature of the proximal subsegment with insertion wires is up =
1

ρp
and the curvature of

the distal subsegment without insertion wires is ud = 1
ρd

. With these simplifying assump-

tions, the change in bending energy relative to the macro-motion equilibrium configuration
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is given by:

∆E =
1
2

s∫
0

kt (up−u0)
2︸ ︷︷ ︸

proximal

+kw (up)
2︸ ︷︷ ︸

wires

ds+
1
2

L∫
s

kt (ud−u0)
2︸ ︷︷ ︸

distal

ds (5.17)

Integration gives:

∆E =
1
2

skt(up−u0)
2 +

1
2

skwu2
p +

1
2
(L− s)kt(ud−u0)

2 (5.18)

We seek the unknown curvatures up and ud that minimize the energy for a fixed end-disk

angle. The rationale for the fixed end-disk angle stems from the parallel routing of all the

backbones as was shown in [2]. The corresponding constrained optimization problem is

therefore stated as:

min
up,ud

∆E s.t. θL = Lu0 +θ0 (5.19)

where the constraint is given by solving (5.16) for θL.

We solve (5.19) with a Lagrange multiplier using the following Lagrangian and condi-

tions of optimality:

V = E +λ (θL−Lu0−θ0) (5.20)

∂V
∂up

= 0,
∂V
∂ud

= 0,
∂V
∂λ

= 0 (5.21)

Solving these equations leads to the following result:

up =
ktu0−λ

kt + kw
, ud =

ktu0−λ

kt

λ =
−sktkwu0

L(kt + kw)− skt

(5.22)

Figure 5.6B shows the results for the tip motion as the insertion wires are inserted from

s = 0 . . .L. The plot shows multiple leafs for different θL and different ratios of kt
kw

. We
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Figure 5.6: (A) β (s) for θL = 45◦ and for different stiffness ratio kt
kw

, (B) Change in tip
position predicted by the energy model as the insertion wires are inserted. Plots are shown
for different θL angles and stiffness ratios kt

kw
, (C) β (s) designed as two quintic polynomials

(D) experimental (asterisks) and theoretical tip motion (solid line) using β (s) shown in C
for θL = 45◦.
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note that each leaves shows a symmetric behavior where the tip of the continuum segment

reverses direction of motion at a turning point s = L
2 . As the wire stiffness is increased, the

amount of tip motion is increased as expected.

In Section 5.5.3 we explain this turning point phenomenon due to a change β (s) in

the equilibrium angle θs of the proximal subsegment. These two angles are shown in

Figure 5.5. The angle β (s) may be obtained if either up or ud are given. Referencing

Figure 5.5, we have:

θs +β = sup +θ0 (5.23)

We then substitute θs = θ0 + su0 (the angle θs before deformation due the inserted wires

has occurred) to get:

β (s) = s(up−u0) (5.24)

Similarly, we can have from Figure 5.5:

θL = θs +β +(L− s)ud (5.25)

Substituting θL = θs +(L− s)u0, (the angle θL prior to insertion of the wires), we have:

β (s) = (L− s)(u0−ud) (5.26)

Figure 5.6.A shows the profiles of β (s) for the tip motion leafs shown in Figure 5.6.B.

This figure assumes no frictional losses.

The following subsection uses this β (s), along with the kinematic constraints of the

continuum robot to explain how the turning point behavior occurs.
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5.5.3 Explaining the Source of the Turning Point Behavior Through Kinematic Con-

straints

Subsection 5.5.2 explained the source of the turning point behavior through an energy

minimization argument. It resulted in a predicted change β (s) of the tangent angle at the

end of the proximal segment, but it did not explain internally what happens from a point of

view of kinematic constraints. This section offers this explanation and also shows how the

observed turning point behavior from experimental results may be explained by adjusting

β (s).

When the continuum segment is empty at its initial macro configuration, the arc length

along the central backbone corresponding with the insertion plane at insertion depth s is

easily obtained assuming circular bending:

s = ρ0

(
π

2
−θs

)
(5.27)

and consequently the radius of curvature associated with it:

ρ0 =
s

π

2 −θs
(5.28)

For a given s position of the insertion plane, we can calculate the length of the ith

secondary backbone of the proximal segment Lip,e when empty as:

Lip,e = (ρ0−∆i)
(

π

2
−θs

)
(5.29)

where the radial offset is given by ∆i = r cos((i−1)π), i = 1,2, and r is the pitch circle

radius of the spacer disks.

When the micro-motion wires are inserted through the secondary backbones, the prox-

imal subsegment straightens and results in a change in the bending angle of the proximal

segment θs. Its radius of curvature changes from the initial ρ0 to ρp, f . This change is
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shown in Figure 5.5 by β , ρ0 and ρp, f . Therefore, equation (5.27) becomes:

s = ρp, f

(
π

2
−θs−β

)
(5.30)

The new radius of curvature of the proximal segment is:

ρp, f =
s

π

2 −θs−β
(5.31)

Recalling (5.28), ρp, f may also be expressed as:

ρp, f = ρ0 +
sβ(

π

2 −θs−β
)(

π

2 −θs
) (5.32)

which shows that the proximal segment straightens.

The lengths of the secondary backbones in the proximal continuum segment, designated

by Lip, f , are given by:

Lip, f =
(
ρp, f −∆i

)(π

2
−θs−β

)
(5.33)

using ρp, f = ρ0 +∆ρ , eq. (5.33) may be rewritten as:

Lip, f =(ρ0−∆i)
(

π

2
−θs

)
︸ ︷︷ ︸

Li

+

∆ρ

(
π

2
−θs−β

)
− (ρ0−∆i)β =

Li +∆ρ

(
π

2
−θs−β

)
− (ρ0−∆i)β

(5.34)

Initially, when the insertion depth of the modulation wires is s = 0, the proximal and

distal subsegments have a common radius of curvature. The length of the ith secondary

backbone of the distal subsegment is:

Lid,e = (ρ0−∆i)(θs−θL) (5.35)

88



The length of the continuum segment backbones is fixed when only micro-motion control

is used. This length is given by:

LiθL
= (ρ0−∆i)(θ0−θL) (5.36)

Therefore, with increased insertion depth of the modulation wires, the distal segment must

curl as the proximal segment straightens. In the following, we analyze the effect of the

increased depth of the modulation wires on the curvature of the distal segment.

When the proximal continuum segment is filled with the insertion wires, the length of

the secondary backbones of the distal continuum segment can be written as the difference

between the CR segment backbone length and the length of the proximal subsegment:

Lid, f = LiθL
−Lip, f (5.37)

Equation (5.37) can be also written using the radius of curvature of the distal subsegment

and its bending angle:

Lid, f =
(
ρd, f −∆i

)
(θs +β −θL) (5.38)

Comparing (5.37) and (5.38) while using (5.34) and (5.36) results in:

ρd, f = ρ0−
(ρs−ρ0)

(
π

2 −θs−β
)

(θs +β −θL)
(5.39)

This equation shows that distal segment curls as a result of the inserted wires in the proxi-

mal segment.

The above energy minimization and kinematic equations provides insight into the rea-

son for the turning point. However, due to unmodeled energy dissipation, it does not exactly

replicate the observed turning point of a physical system with friction. The observed

turning point behavior can be recovered with an experimental-based modification to β (s).

To demonstrate that our approach can replicate the turning point behavior, β (s) was
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modified and designed based on results presented in [108] using EE tracking. From this

experimental data, it was observed that the turning point happened consistently for our

prototype close to 75% of the insertion length. Using two quintic polynomials for modeling

β (s) as shown in Figure 5.6C, we simulated the tip motion as shown by the solid line

in Figure 5.6D, which exhibits a similar behavior to our experimental data shown by

asterisks. An accurate representation of kinematics using experimental data is presented

in section 5.6.1.

5.6 Experimental Approach to Differential Micro-Motion Kinematics and Control

Although the kinematic model above provides insight into the turning point behavior,

for purposes of control it still requires derivation of the micro-motion Jacobian and calibra-

tion of β (s) across the entire workspace. In the next sections, we present an experimental

approach that is more convenient for control since it can directly determine the micro-

motion Jacobian from experimental data without going through a kinematics/mechanics

model.

5.6.1 Experimental-based kinematic modeling

During micro-motion control, the modulation wire depth s is changed to affect a minute

change in the EE position p = [x,z]T where x and z are the horizontal vertical coordinates

of the EE in frame {R} , {x̂r, ŷr, ẑr} as depicted in Figure 3.1. For the purpose of the

following discussion, this frame has its x̂r axis as the projection of the bent backbone on

plane of the base disk and its ẑr axis perpendicular and at the center of the base disk. These

coordinates are obtained through a microscope tracking setup as described in [108], which

results in the coordinates in camera frame {C} , {x̂c, ŷc, ẑc}, as shown in Figure 3.1. It

is assumed that the transformation from the camera frame {C} to {R} is known. In the

following, we explain our process for empirical modeling the micro-motion kinematics.

This process will be repeated for the x and z coordinates in frame {R}, but since the process
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is identical, we will illustrate the process only for the x coordinate.

In the following, we adapt a modal approach first presented in [125] within the context

of modeling the kinematics of soft robots. Let x(s) be the x-coordinate of the EE micro-

motion path, s ∈ [0 . . .L]. For a given macro motion configuration characterized by θL in

the bending plane, the local tangent to the curve c = (s,x(s)) is designated by x′:

x′ =
dx
ds

where x′ = x′ (θL,s) (5.40)

For a fixed θL, a modal representation for x′ (s) may be used

x′ (θL,s) =ψ(s)
Ta, a,ψ ∈ IRn (5.41)

where ψ and a are the modal basis and coefficients. Since the EE micromotion path is

smooth and requires a low order polynomial to approximate it, we use a monomial basis:

ψ(s) =
[
1,s,s2, ...,sn−1]T (5.42)

To find the modal coefficients a, a data matrix Φ containing x′(s) for z different CR

configurations with r insertion depths s = s1,s2, . . .sr was constructed. The entries of

Φ were filled based on the finite difference approximation of the local tangent to the

experimental data x(s,θL).

Φ=


x′(s1,θL1) · · · x′(s1,θLz)

... . . . ...

x′(sr,θL1) · · · x′(sr,θLz)

 ∈ IRr×z (5.43)

Since the elements of a depend on θL, we aggregate the modal approximations of ai such

that:

a(θL) = Aη(θL), A ∈ IRn×m, η ∈ IRm (5.44)
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Figure 5.7: x and z end effector coordinates over the full insertion length at 5 different CR
configurations
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where η (θL) =
[
1,θL,θL

2, . . . ,θL
m−1]T.

The tangent curve c = (s,x(s)) can therefore be obtained by the following modal ap-

proximation:

x′ (θL,s) =ψ(s)TAη(θL) (5.45)

Assuming z experiments corresponding macro configuration angles θ1 . . .θz and where

the insertion depth is changed with r values, the ith column of Φ is given by:

Φi =


x′ (θLi,s1)

...

x′ (θLi,sr)

=


ψT (s1)

...

ψT (sr)

Aη(θLi) (5.46)

and the full Φ matrix is given by:

Φ=


ψT (s1)

...

ψT (sr)


︸ ︷︷ ︸

Ω[r×n]

A[n×m]


...

...
...

η (θL1) . . . η
(
θLz

)
...

...
...


︸ ︷︷ ︸

Γ[m×z]

(5.47)

This is a matrix equation with A as the unknown. It can be rewritten using Kröneker

product as: [
ΓT⊗Ω

]
vec(A) = vec(Φ) (5.48)

where the symbol ⊗ indicates the Krönecker’s matrix product and vec(A) is a vector

sequence of all the columns of A. Equation (5.48) is a linear equation with a vector

unknown, which can be solved using the pseudoinverse of
[
ΓT⊗Ω

]
. Finally, given the

solution to A, one can calculate c = (s,x(s)) by substituting θL and s in (5.45). Finally, the

EE coordinate x(s) may be obtained as:

x(θL,s) =
∫ s

0
x′ (θL,s) =

∫ s

0
ψ(s)TAη(θL)ds (5.49)
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Taking the time derivative of (5.49) using the chain rule:

ẋ(θL,s) =
∂

∂ s

(∫ s

0
x′(s,θL)ds

)
ṡ+

∂

∂θL

(∫ s

0
x′(s,θL)ds

)
θ̇L

(5.50)

The first term in the equation above includes micro motion speed due to the insertion wires

and the second term includes the effect of a change in the macro-motion configuration

on the micro-motion speed. We will next consider the scenario where the macro-motion

configuration is held fixed when one invokes the micro-motion control. Therefore (5.50)

can be rewritten as:

ẋ(θL,s) =ψ(s)TAη(θL)ṡ = Jµx ṡ (5.51)

where Jµx is the micro-motion Jacobian matrix for the x coordinate. Repeating this process

for the z coordinate will also result in similar equations and a Jacobian Jµz .

This method was experimentally validated with our system described in section 6.2.

For each θL ∈ [15◦,35◦,45◦,60◦,75◦] we moved our robot through 45 EE poses and the EE

position was segmented using our method in [108]. Figure 5.7 presents the segmented EE

coordinates using asterisk markers. The numerically integrated curve using (5.45) is shown

with dashed lines. Table 5.2 presents the root mean squared error between the observed EE

micro-motion paths, obtained in [108] and shown as solid lines. These results suggest that

the modeling approach we presented can represent the robot kinematics well.

θL 15◦ 35◦ 45◦ 60◦ 75◦

x 0.8 (3.3) 0.5 (2.6) 1.1 (3) 1 (2) 0.2 (0.3)
y 0.6 (4.4) 0.3 (3.5) 3.7 (3.9) 1.9 (1.2) 0.5 (0.3)

Table 5.2: Root mean squared error (maximum error) [µm] between measured and modeled
EE micro-motion paths.
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5.6.2 Redundancy Resolution definition

A smooth transition from macro-motion to micro-motion and viceversa, is required for

control purpose of a robot with multi-scale motion capabilities. In this section, a weighted-

pseudoinverse redundancy resolution method is adapted to allow this smooth transition.

The approach presented adopts prior approaches for macro/micro motion resolution such

as in [97, 56] while using the micro-motion Jacobians Jµx and Jµz . Defining ṗµ as the EE

velocity when the micro-motion control regime is enacted, the micro-motion kinematics is

given by:

ṗµ ,

x′µ

z′µ

 ṡ =

Jµx

Jµz

 ṡ = Jµ ṡ (5.52)

where the second term in (5.50) has been neglected for simplicity. When simultaneously

enabling macro and micro-motion control, this term may be neglected also for practical

considerations. Backlash and motion losses at the macro-scale actuators can overwhelm

the motion generated by this second term. Therefore, considering second-order effects due

to this term is an unnecessary complication in applications where online feedback is used

for control such as in our work.

Similarly, we will use ṗm to designate the EE velocity when only the macro-motion

control is enacted. We will restrict the macro-motion kinematics to maintain motion in the

bending plane because of the need to maintain the motion of the robot within the imaging

plane of the B-mode OCT probe. Referring to [2], which defines a configuration-to-

task-space Jacobian, Jxψ , we can construct a reduced configuration space Jacobian J̃pθL ∈

IR2×1 expressing the EE speed in the x− z coordinates of the bending plane. Taking the

appropriate sub-matrix of Jxψ and transforming it into the frame of the bending plane, using

this notation, we define the macro-motion kinematics as:

ṗm ,

ẋm

żm

= J̃pθL θ̇L (5.53)
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The joint speeds may be obtained using the configuration-to-joint-space Jacobian Jqψ de-

fined in [2]. Since we reduced our model to planar motion within the bending plane of the

robot, we define J̃qθL ∈ IR3×1 as the first column of Jqψ such that

q̇m = J̃qθL θ̇L, q̇m ∈ IR3×1 (5.54)

where q̇m is the macro-motion joint speeds. Using (5.54) and (5.53) one obtains

ṗm = J̃pθL J̃†
qθL

q̇m = Jpqq̇m (5.55)

We next define the augmented joint-space vector which includes the joint speeds for

macro and micro-motion:

qa =

qm

s

 (5.56)

Therefore the combined EE speed in the bending plane may be expressed as:

ṗ = Jpqq̇m +Jµ ṡ =
[
Jpq | Jµ

]
q̇a (5.57)

For a given desired EE speed, ṗ, the above equation may be solved using a weighted

pseudo-inverse solution:

q̇a = W−1
a JT

a
(
JaW−1

a JT
a
)−1

ṗ (5.58)

where Ja =
[
Jpq | Jµ

]
and Wa is a weight matrix defined as:

Wa =

Wm 0

0 Wµ

=



wm1

wm2

wm3

0

0 wµ


(5.59)
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The submatrix Wm is the weighted matrix of the coefficients related with the macro motion

while Wµ is the coefficient related with the micro motion.

Figure 5.8: Weight coefficients plot

These weights are determined based on proximity to the target EE position, as graphi-

cally presented in Figure 5.8 and (5.60) and (5.61).

Wm =
1
2
(
1+ tanh

(
n
(
‖ep‖−ρµ

)))
(5.60)

Wµ =
1
2
(
1− tanh

(
nµ

(
‖ep‖−ρµ

)))
(5.61)

where ρµ is a threshold radius below which the redundancy resolution will use mostly

micro-motion control and above which it will mostly use macro motion control.

5.7 Conclusion

This chapter presented the efforts on solving the problem of multi-scale manipulation.

The first simplistic approach using a moment-coupling effect offers initial insights on the

turning point behaviour. A new approach for micro-motion using equilibrium modulation

of CRs was then presented. The work was motivated by the potential benefits of using CR

for in-situ inspection and image-based biopsy. Two more approaches for explaining the

turning-point phenomenon, unexplained in prior literature, have been presented. The first

approach arrives at the source of this behavior from an energy conservation standpoint. The
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second approach replicates this behavior through insights into the constrained kinematics

of multi-backbone CR. An approach to empirical modeling of micro-motion kinematics

has been presented based on a closed-form modal interpolation maps.

This work is a first key step for future development of new robotic assistants that can

offer multi-scale manipulation for surgery and for image-based biopsy. Several challenges

remain unaddressed by this work. Motions requiring direction reversal can induce undesir-

able hysteretic effects. Modeling of these hysteretic effects is difficult therefore solutions

using in-situ micron-level EE tracking will be needed. Nevertheless, applications such as

generating a 3D OCT scan can be planned and achieved while avoiding direction reversal -

therefore avoiding the negative effects of hysteresis.
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CHAPTER 6

VOLUMETRIC OCT AND OCT-GUIDED VISUAL SERVOING

6.1 Introduction

In this chapter we demonstrates a system-level integration and validation of 3D OCT

using an external commercial OCT probe and the feasibility of integrating a custom B-

mode probe that can be easily integrated within the robot to obtain the volumetric OCT.

Furthermore, for control purpose, in the previous chapter we have presented our effort to

define a modal approach to capture the micro-motion kinematics model from experimental

data. In this chapter we demonstrate micro-macro motion control with an application of

OCT-guided injection. This work was published in [126, 124]

6.2 Experimental Setup and System Integration

Figure 6.1 shows the experimental setup and system integration framework used in our

study. This setup was used to validate our modeling approach, to demonstrate the feasibility

of generating 3D OCT volumes using CREM micro-motion, and to validate our approach

for micro-motion closed-loop control using OCT feedback.

The continuum robot actuation unit is shown as item 1 in Figure 6.1A and the con-

tinuum robot segment is shown as item 3 in Figure 6.1B. For our experiments, we used

a commercial external OCT probe and a custom miniature B-mode OCT probe that was

embedded within the robot. The custom B-mode OCT probe is shown as item 2 in

Figure 6.1B. It is a modification of the probe design first presented in [127]. Relative
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to the previous design, this probe used closed-loop position control with custom control

electronics enclosed in an Arduino-based control box shown as item 5 in Figure 6.1A

and presented in depth in Chapter A. The probe was actuated by a voice coil actuator

(H2W NCM02-05-005-4JBMC) shown in Figure 6.1C. The external OCT probe (Thorlabs

Telesto-II-1325LR-5P6 3.5 to 7mm imaging depth with 5.5 to 12.0µm Axial Resolution in

Air) is shown as item 6 in Figure 6.1A and also as item 3 in Figure 6.1D.

The commercial probe was used for proof of concept for 3D volumetric OCT with a

calibrated system that can provide quantifiable data about the accuracy of our 3D OCT and

micro-motion resolution and for demonstrating closed-loop visual servoing in OCT image

space. The custom OCT probe was used for testing the feasibility of embedding a custom

B-mode OCT probe within the robot for generating 3D OCT scans.

In addition to the continuum segment, the setup used a custom-made planar robot shown

as item 1 in Figure 6.1B. This robot was comprised of two orthogonally-aligned linear

stages (VELMEX A1506B-S1.5 equipped with a 4.5" 20 turns/inch travel lead screw).

These stages were driven by two DC gearmotors (Maxon Motor RE16 4.5W equipped

with a planetary gearhead GP16A 19:1 and an MR encoder with 256 counts per turn) and

controlled by our Arduino-based control box ( 5 in Figure 6.1A). The need for adding this

planar actuation unit is explained in section Section 6.4.

The control system implementation used four computers. One computer served as a

high-level controller (HLC) (item 1 in Figure 6.1E) and three additional computers served

the following auxiliary functions. The first computer (item 2 ) was used as a MATLAB

Realtime low-level controller for the continuum robot. The second computer (item 3 )

was used for OCT image acquisition and online image segmentation in MATLAB. A third

computer (item 4 ) was used as a mid-level controller (MLC) for acquiring EE position data

from the second computer and for sending the control-reference signal for the Arduino-

based controller of the OCT and planar robot. Although this function would have been

possible to implement on the same machine as the high-level controller, we chose a separate
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Figure 6.1: Experimental setup: (A) 1 -CREM system 2 -Main Computer 3 -OCT Computer
4 -Mid-level controller (Control reference computation and communication with Arduino)
5 -OCT/linear-slides Arduino Based control box 6 -OCT commercial probe Thorlabs
Telesto-II-1325LR-5P6 (B) OCT probe embedded setup: 1 -Custom made OCT probe
deployed within the CR segment 2 -Velmex linear slide 3 -CR (C) Voice coil OCT actuation
unit (D) External OCT setup: 1 -Micro-tracking camera 2 -CR 3 -Commercial OCT (E)
System integration diagram
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computer due to MATLAB incompatibility issues.

Data communication between these computers for visual servoing and 3D OCT gen-

eration were carried out as the following. The HLC computer obtained the EE position

via a microscope camera using MATLAB image acquisition toolbox. This information is

used only for 3D OCT volume generation. The acquired scans are synchronized with robot

position information using time-stamped user datagram protocol (UDP) messages relayed

to the MLC and the MATLAB Realtime target machine. For visual servoing, the OCT

image segmentation data is relayed to the MLC via UDP communication. The low-level

control frequency on the MATLAB Realtime target machine for controlling the continuum

robot was 1KhZ. The MLC obtained image segmentation data and relayed the reference

control signal to the Arduino at 30Hz. In turn, the Arduino-controller using HiLetgo ESP32

microcontroller implemented its own low-level PID control for the voice-coil actuator and

the planar robot.

6.3 Micro-Motion for Volumetric OCT Imaging

This section details the validation of our approach for achieving volumetric OCT recon-

struction via micro-motion. While the final goal is to obtain a volumetric scan of a vessel

using a custom-made OCT probe integrated inside the CR, we first validated feasibility

using an external commercial OCT probe. These experiments were first reported in [126]

and they provide an ideal baseline for expected performance where OCT image aberrations

are minimized due to the use of a commercial OCT probe. This section also details

validation using our own CR with a custom B-mode OCT probe that is a modification

of the design first presented in [128].

6.3.1 3D image reconstruction using commercial OCT probe

The setup used is shown in Figure 6.1A. We used the external OCT probe for these

experiments. The CR segment was bent to θL = 60◦ using macro-motion control and the
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macro motion joints were held fixed. The CR segment was used to carry an OCT scanning

sample on its tip while the OCT probe was fixed perpendicularly to the samples. By

inserting three equilibrium modulation wires, micro-motion was used to move the sample

perpendicular to the scanning plane of the probe (we will refer to the motion as normal

motion direction (NMD)). During micro-motion, every ∆s = 0.5mm of insertion depth the

HLC machine ( 1 in Figure 6.1E) recorded a B-mode OCT scan image together with the

robot configuration joint values. At the same micro-motion tip tracking was used based

on the method presented in [108] to record the motion profile of the EE and the CR joint

values. At the end of each experiment, MATLAB image segmentation using Canny filter

and/or Hough circles was used to construct the 3D images.

Three samples were used in three experiments to test feasibility of our method on

different materials and shapes. First, a metric brass screw (0.8mm diameter, 0.2mm pitch)

was scanned, Figure 6.2.B. A profile image of the screw was taken to compare to the

known screw pitch geometry (Figure 6.2B 1 - 2 ). Micro-motion was initiated to generate a

3D scan which was reconstructed in Figure 6.2B 3 - 5 . The pitch measurement, based on

the profile image (Fig 6.2B 1 - 2 ) was 209.85µm while based on the 3D scan reconstruction

it was 210.75µm based on analysis of Figure 6.2B 4 . This designates an average error of

0.5%. The micro motion displacement shown in Figure 6.2B 3 - 5 corresponded with 92µm

motion in NMD and 89 scans. Therefore, the NMD resolution was 1.03µm.

In the second experiment, we used a multilayer cellophane tape with an additional layer

of double-sided tape on top, Figure 6.3 2 - 3 . The double-sided tape was added to simulate a

thicker layer at the top of the sample. This experiment was motivated by a future application

of 3D retinal layer reconstruction. Results of the 3D reconstruction are shown in Figure 6.3

4 - 6 . The thickness of the layers measured based on a single OCT image (Figure 6.3 1 )

had an average of 71.7µm while the thickness measured from the reconstructed model had

an average of 67.4µm. The average error is circa 6%. According to the tape supplier, the

tape layer has an average thickness of 70µm, including the glue layer.
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Figure 6.2: (A)The plot shows an example of the images acquisition along the robot EE
micro-motion path, 1 - Robot EE path 2 –(B) Multilayer cellophane tape images at 3 sample
micro-insertion depths along the motion path. Screw pitch reconstruction: 1 -OCT Image
2 -Screw sample image (OCT camera view) 3 - 5 Different views of the reconstructed
profile

The last experiment aimed to simulate the reconstruction of a capillary blood vessel as

an artificial channel generated in Agar, Figure 6.4. The channel was created by placing a

220µm NiTi wire in the liquid Agar. After solidification, the wire was removed, and the

sample scanned. The average area measured using the B-mode OCT images as in Figure 6.4

1 was 2.4746e+04µm2. The cross-sectional area average for the 3D reconstructed model

was measured at 2.6329e+04µm2 which represents an average deviation of 6%.
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Figure 6.3: Multilayer cellophane tape reconstruction 1 -OCT Image 2 -Side view of the
multilayer cellophane tape with the double-sided tape added on top 3 -Multilayer tape
Sample image (OCT camera view) 4 - 6 -Different views of the reconstructed profile.

6.3.2 3D reconstruction of an optic nerve blood vessel

This section shows the experimental result for a 3D OCT reconstruction of an organic

tissue. A freshly harvested retinal optic nerve in a cadaveric swine eye was used as a

scanning sample as shown in Figure 6.5A. 3 . Figure 6.5A. 1 shows the first OCT scanned

image before that the micro-motion is enabled while Figure 6.5A. 2 shows the last scanned

image after the micro-motion scanning is completed. It is possible to notice how a vessel

branch in Figure 6.5A. 1 bifurcates by the end of the scanning. The 3D reconstruction,

Figure 6.5A. 4 - 5 , shows the corresponding anatomy in Figure 6.5A. 1 and Figure 6.5A. 2

while the branching of the scanned vessel is clearly visible.

6.3.3 Volumetric OCT using a miniature OCT probe

After testing the robustness of the 3D OCT reconstruction using a commercial OCT

probe, we established the feasibility of using the custom-made miniature B-mode OCT

probe. As shown in Figure 6.1C, the OCT probe was embedded within the CR segment.

An agar sample (Figure 6.5B 1 ) was prepared with a 0.66mm tube embedded in it. Once the
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Figure 6.4: Micro Channel reconstruction 1 -OCT Image 2 -NiTi wire used to create the
channel still in the agar sample 3 -Channel sample image (OCT camera view) 4 - 6 -different
views of the reconstructed profile.

agar was solidified, the tube was removed, a channel remained and was used as an imaging

target for the probe of a mock up vessel. Using equilibrium modulation, the robot moved

the probe perpendicular to the scan direction of the custom miniature OCT probe. Results

of the 3D reconstruction are shown in Figure 6.5B 3 - 4 . The average area measured using

three B-mode OCT images as in Figure 6.5B 2 is 0.32892mm2 while the area calculated

using the 3D reconstruction is 0.31341mm2 which represents an average deviation of 10%.

6.4 OCT-GUIDED VISUAL SERVOING

This section presents the experimental validation of our proposed mixed-feedback con-

trol that uses OCT image feedback and the CR joint-space. The experimental setup used

for this evaluation is shown in Figure 6.1. We used the commercial OCT probe for these

experiments. The aim of the experiment was to mimic an automated blood vessel injection

by driving a needle (made out of a NiTi wire 0.4mm in diameter and carried by the CR seg-

ment) into a mockup vessel (0.16mm2 cross sectional area) inside an agar sample(carried

by a linear slide actuator) as shown in Figure 6.7A.

OCT-guided visual control was achieved by using a custom computer code for OCT

image segmentation. An online (interactive rate≈ 30Hz) image segmentation was achieved
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Figure 6.5: (A) 3D reconstruction of a branching in an optic nerve of a swine cadaver retina.
1 - 2 -First and last OCT scanned images. 3 -Microscope view of the sample showing the
B-mode scan direction (red) and micro-motion scan direction (blue). 4 - 5 -Two views of
the 3D OCT reconstruction model showing the corresponding anatomy in 1 and 2 (B)
3D OCT reconstruction using a custom made OCT B-mode probe integrated within the
CR. 1 -Mock up vessel generated in Agar Sample 2 -Vessel OCT image 3 - 4 -Volumetric
reconstruction of the scanned sample

using a cross-correlation template matching with manual initialization. At the beginning

of the experiment, the user defined the two templates for the two tracking targets (vessel

and needle tip) by mouse selection as shown in Figure 6.7.B by two red rectangles. The

template matching uses online segmentation and tracking of the mockup vessel and the

NiTi needle as viewed in the OCT system.
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Figure 6.6: Agar channel model showing: (A) the top view of the agar model with 3
embedded 0.66mm tubes, (B) the sliced agar showing one tube removed and two remaining,
(C) the side view of the agar sample

Figure 6.7: (A) Microscope view of the needle tip and the agar vessel mockup. (B) OCT
scan image and visual servoing frames definition.
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6.4.1 Experimental Validation of OCT-Guided Visual Servoing

The experiment procedure requires user input for choosing two tracking target tem-

plates via mouse selection on a Matlab2016a window that acquires the OCT image from

a commercial OCT control software. The OCT image in Figure 6.7B shows the result

of the tracking method (two red squares) and the frame definitions. The picture frame is

identified by (x̂c, ŷc) while (x̂n, ŷn) identifies the needle tip frame. Since the OCT image

was starting to distort when the needle is piercing the agar sample, the origin of the needle

frame was chosen with a specified offset along the needle axis and is accounted for in the

tracking code. Once the two target points were chosen, the control code uses micro-motion

to close the error in position along the x̂n direction and consequently along ŷn direction

using macro-motion. To avoid laceration of the mockup tissue caused by the sideways

motion of the needle, the HLC uses first micro-motion followed by macro-motion.

Figure 6.8: (A) Gamma angle, (B) Components of ep in {x̂n, ŷn} frame as shown in (B).
Solid line referring to the left y-axis is epx in [mm] and dashed line referring to right y-axis
is epy in [mm].

The tracking results of the two red square centers are shown in Figure 6.7C-D. The

vector ep indicates the position vector of the center of the vessel’s red square from the

origin of the needle frame. Figure 6.7C presents the tracking result of the relative angle α

between ep and x̂n. Figure 6.7D presents the tracking results of the components of ep along

x̂n and ŷn. The blue shaded area indicates the portion of the process where only the micro-
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motion is enabled. We used two thresholds for position convergence. When using macro-

motion we used 300µm and when using micro-motion we used 5µm as the corresponding

convergence threshold radii from the target location. The final position error between the

two centers calculated in the needle frame (x̂n, ŷn) is 0.0028mm along x̂n and 0.2683mm

along ŷn. The considerable difference of the magnitude in the error directions came from

the different motion profile associated with each direction. The first one is completely

controlled by micro-motion using the equilibrium modulation while the piercing direction

is controlled by macro-motion actuation of the linear stage of the planar robot that has a

manufacturer specification of backlash of 200µm. The need for the linear stage comes from

the missing third degrees of freedom of the single segment CR which would prevent the

straight motion for the injection process. The data flow and control scheme is summarized

in Figure 6.1E, grouped by the green dashed line.

Figure 6.9: A film strip of three images from the microscope and their corresponding
images from the OCT. The images show also the segmentation of the target and the needle
and the process of visual servoing of the needle to reach the channel.

6.5 Conclusion

This chapter presented a feasibility verification of 3D OCT through a system-integration

endeavour that used both a commercial (external) and a miniature (internal) OCT probes.
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Results showed that 3D OCT volumes may be obtained with 1 micron slices if accurate

position feedback is used. If no accurate EE tracking is available, the experimentally

derived micro-motion kinematics can produce accurate position estimates less than 5µm.

We also presented a demonstration of closed-loop OCT-guided servoing using both macro

and micro motion for guiding a needle into an agar channel. The RMS error using our

modeling approach was less than 1.2 microns, which could be used for generating a lower-

resolution 3D OCT scan that would still be useful since each image slice still retains its

high resolution.
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CHAPTER 7

PRELIMINARY DESIGN EXPLORATION AND MODELING OF AN APCR DEVICE

Robotic-assisted ophthalmic surgery has been investigated for the past 30 years. This

surgical domain presents several challenges in term of precision requirements, limited

perception and intraocular dexterity. Achieving extreme precision in retinal surgery is

difficult due to physiological hand tremor, which has been estimated around 14 to 142µm

in [129]. Surgical perception during retinal surgery is limited due to limited visualization

through the dealated iris, limited depth perception through the microscope, and limited

force/tactile feedback due to the very small intraocular interaction forces being masked

by the weight of instruments and contact forces with the scleral access ports. Finally,

the tools used during retinal surgery are limited in articulation since they are mostly rigid

instruments (long narrow rigid rod of circa 900µm in diameter) without an articulated tip,

offering the standard 4 Dof of rotating and translating along the shaft and tilting in two

directions. Control of the approach angles of the tools with respect to anatomical targets

within the eye is not possible when the scleral access port has been pre-determined.

To overcome the problem of precision, several groups proposed different robot archi-

tectures that are able to filter hand tremors. For example, a telemanipulated robotic solution

was proposed in [130, 131, 132, 133], while more commonly, hand-held devices [134] or

hand-on-hand robotic system [135][64] are used to actively filter the undesired movements.

Moreover, in [61, 136] axial (depth) tool stabilization is achieved by filtering the tremor of

an OCT-tracked device. To overcome the perception challenges researchers have explored

devices with force sensing[137], augmented reality [138], and OCT feedback [139, 140].
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To address the challenge of intraocular dexterity, Wei et al. [130, 141] proposed and

demonstrated continuum robots with intraocular bending. Kutzer et.al [15] presented a

design of a continuum robot similar to our design in section 2.6 on page 28, but the device

diameter was 5.99 mm and was limited to having a single continuum segment.

In retinal membrane pealing, for instance, a forceps is used to lift an epiretinal mem-

brane or internal retinal layer of 50µm in average [142]. Those membranes are semitrans-

parent which makes very difficult to identify and then grab them using the surgical tool.

To overcome those limitation, Yu et al [139], for example, used a B-mode OCT probe for

depth perception feedback for membrane pealing but macked a distal wrist. Wei et al [141]

demonstrated that increasing by a single degrees of freedom of intraocular side-bending

motion, the distal orientational dexterity is improved between 36% to 57%.

Figure 7.1: APCR prototype: (A) First prototype built, showing different bending angles
(B) Two segment APCR prototype 1 distal segment 2 proximal segment.

The previous works reviewed above do not address the combined challenge of dex-

terity, miniaturization and deployability of sensory technologies such as OCT or confocal

microscopy. In this chapter we present the design and modeling efforts of a new device

able to provide 4 DoF of intraocular motions provided by two continuum segments while

maintaining a working channel for OCT deployment.

The design presented here uses antagonistic pairs of superelastic tubes. This design

improves upon that of Oliver-Butler et al [65]who presented a 2 DOF continuum robot for

minimally invasive surgery with an external diameter of 7.2 mm, which is not suitable for

ophthalmic applications. Jeong et al [143] have recently presented a 1 Dof single segment

continuum robot with an external diameter of 0.4 mm, however, the device has a blind
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bore which prevents deployment of tools. Our most recent design (Figure7.1.B) offers an

APCR with 2 independently steerable segments, with an external diameter of 0.88 mm (size

feasible for ophthalmic surgery) and a working lumen of 0.4 mm in diameter. In Sec. 7.3,

this prototype has been used for some preliminary results in [144] within the context of

enabling dexterous intravenous navigation for ischemic stroke treatment.

In addition to challenges of achieving mechanical embodiments of multi-segment hollow-

bore APCRs, the modeling of the statics of these robots is challenging, yet a necessary

requirement for the design of these robots and their associated actuation units. In this

chapter we are reporting our design effort to obtain a working 2-Dof 2 segments APCR,

and preliminary consideration of constrained kinematic model for intraocular dexterity. As

of today, this is an ongoing project and this chapter served as a first step to a complete

robotic prototype preliminary testing for surgical applications.

7.1 First 1 DoF APCR Prototype

The first attempt to create an APCR microsnake device that would combined dexterity,

miniaturization and hollow bore was built in 2015. Using a flexure-based design, the first

prototype was made in the ARMA Lab at Vanderbilt University and served as a feasibility

study of the flexure-based concept. This type of design relies on the flexible section of

its body, generated by the notches, to affect a directional bending. This design uses in 2

concentric Super-elastic NiTi tubes. The inner tube has a outer diameter (OD) of 0.66 mm

and inner diameter (ID) of 0.48 mm, while the outer tube has an OD of 0.88 mm and ID of

0.71 mm. The notches width and the desired gap between notches was expected to be 1.2

mm due to early fabrication limits. The notches on the tubes were made using a Dremel

tool (fig.7.2A. 3 ) equipped with a diamond cutter disk (fig.7.2B. 2 which has a thickness

of 0.65± 0.03mm. The fabrication setup shown in Fig. 7.2A uses a DynoLight camera 1

for visualization connected to a desktop monitor as shown in fig.7.2B. The Nitinol tube are

mounted on a tube holder (fig.7.2A. 2 ) while the Dremel tool is driven using a manually
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actuated cartesian stage (fig.7.2A. 4 ).

Figure 7.2: Fabrication setup for first Microsnake prototype: A. 1 Dynolight camera 2

Tube holder 3 Dremel 4 Parker XYZ micro-meter cartesian stage - B. 1 Nitinol tube 2

Diamond disk cutter

After a first attempt for inner tube (fig.7.2B) where the notches were obtained using a

single diamond disk manually advanced to obtain the desired opening gap, the notches on

the outer tube are machined using two adjacent passes with the disk cutter. As shown in

the fig.7.2A, there is a cusp in the middle of each cuts. Once the tubes are machined, they

are concentrically stacked facing 180◦ to each other and glued at the distal tip using metal

glue, matching the cut at the same height. Figure.7.2C shows the assembled device.

Once assembled, the device is actuated by pushing and pulling on the nitinol tubes.

Figure 7.4A-B shows the microsnake protoype bending in both directions. It is clearly

visible how the curvature of the device is not constant as it was expected. The close up

view in Figure 7.4C shows the inner tube kinking due to high stress concentration and lack

of mechanical support to its thin wall.

This first prototype served as a feasibility study for this type of device. Moreover, from

this first prototype we realized we had to improve and optimize several critical aspect of

the design and fabrication:
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Figure 7.3: Machined and assembled nitinol tubes: A. Outer tube OD 0.88 mm - B.Inner
tube OD 0.66 mm - C. Assembled APCR device

Figure 7.4: Testing of the first prototype: a) right bending b) left bending c) closeup view
of the kinked section
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• Notch geometry and gap spacing need be improved and optimized

• Mechanical support of thin walls is needed in order to avoid buckling

• Fabrication and assembly process needs to be improved

The next section addresses these problems.

7.2 Two Segment APCR Microsnake

In this section we presents the updated design of the first prototype of the APCR

microsnake introduced in the previous section. The new design extends the device to a 2

segment continuum robot using 3 concentrically stacked tubes instead of 2. Each segment

can provide 1 DoF and the two consecutive segments are relatively rotated 90◦ from each

other.

Figure 7.5: 2 DoF APCR design concept

The new design concept is shown in Fig. 7.5. Three thin-walled super-elastic NiTi tubes

(Fig. 7.5 1 2 3 ) are micro-machined using electron discharge machining or femtosecond

laser to create a series of flexures designed in a specific way to reduce flexural rigidity of

each tube.
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According to our design, an innermost tube (Fig. 7.5 1 ) serves as the main support and is

proximally notched with bi-directionally alternating flexures that reduce its flexural rigidity

so it acts as a passively bending micro-segment in its proximal portion (the portion from the

base of the actively steerable segments to an eventual actuation unit). The distal tip of this

inner tube has a different flexure pattern consistent with forming an antagonistic bending

segment (Fig. 7.5 4 ) with an intermediate tube (Fig. 7.5 2 ). The intermediate tube is housed

around and soldered to the distal end of the inner tube. The portion of the intermediate tube,

which protrudes past the distal tip of an outer tube (Fig. 7.5 3 ), is also notched with flexures

that are circumferentially opposed to the placement of the flexures in the distal portion of

the inner tube.

By pushing and pulling the inner tube while holding the intermediate tube fixed at the

base of the actuation unit, the second (distal) segment (Fig. 7.5 4 ) of the continuum robot is

controllably bent. To add a proximal bending segment (Fig. 7.5 5 ), an outer tube (Fig. 7.5 3 )

is added and affixed at its distal tip to the intermediate tube. By pushing and pulling the

outer tube, while holding the intermediate tube fixed, the proximal segment of the catheter

may be controllably bent. Finally, an angular offset separates the flexure notches in the

distal and proximal segments in order to allow 3D bending.

Figure 7.6: New NiTi tubes: 1 Outer tube (OD 1.2 mm) 2 Intermediate tube (OD 0.88
mm) 3 Inner tube (OD 0.66 mm)

The machined outer tube shown in Fig.Fig. 7.5 1 has an OD of 1.2 mm and id 0.94 mm;

the middle tube 2 has an Od of 0.88 mm and ID of 0.71 mm; the most internal tube 3
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has an OD of 0.66 mm and ID of 0.48 mm. It was clear from the first test of the previous

design that the notches design played a critical role in terms of the continuum segment

behaviour. It was crucial to have a better notches design to avoid high stress concentration

on the tubes structure that was causing the snake segment to bend in a non circular shape

by concentrating the majority of the bending in a single spot along the tube instead to have

an equally distributed bending angle on each notch.

Figure 7.7: Notch geometry model

The technical drawing of new notch geometry is shown in Fig. 7.8. Once the overall

new geometry was designed, we defined 4 design parameters R1,R2,R3,R4 which we used

in the ANSYS FEA design parameters optimization (Fig. 7.8) to calculate the best set of

parameters that would minimize the stress concentration over the length of the nitinol tubes

when bending under a defined load. The optimization was repeated for each of the three

tubes.

Furthermore, one of the limitation from the previous design was also related with

the fabrication process. Given the more complex notch design and the higher number

of features on each tube, an external supplier which provides wire electrical discharge

machining (EDM) service was used to fabricate the 3 tubes. Figure 7.9.a shows the result

of the EDM machining on the inner tube. The 3 tubes where then assembled concentrically

in the lab and accordingly secured on each other following the design scheme.
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Figure 7.8: ANSYS FEA analysis on the 0.88 mm tube

Figure 7.9: A) Close up view of the notched tube machined using EDM - B) Close up view
of the concentrically stacked tubes: 1 notch profile of the inside tube hidden behind the
solid portion of the outside tube, 2 notch profile of the outside tube C) Actuated proximal
segment.
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Differently from the previous design, in order to provide mechanical support to the

thin wall of each tube at the notch location, the tubes are still concentrically stacked and

facing 180◦ to each other, but they were shifted longitudinally so that the each notch of the

inside tube would be covered by the portion of the outside tube as shown in Fig. 7.9.B. The

solder process, even if more technically challenging, was preferred over the prior method,

which used metal glue, to offer a stronger bond between tubes and secured their relative

tip motion. As a result of the new notch design, Figure. 7.9.C shows the bending curvature

of the proximal segment of the new device which presents a smooth and fairly constant

curvature along the length of the segment.

Figure 7.10: 2 Dof APCR flexure-based device

Finally, Fig. 7.10 shows the 2 segment 2 DoF APCR device assembled and actuated at

both segments.

7.3 Preliminary results for double articulated micro-catheter for Mechanical

Thrombectomy

The first test application of the new device is reported in [144]. The clinical motivation

behind this first application is related to the treatment of ischemic stroke which is the

usually treat with intravenous thrombolysis with r-tPA. A new approach using endovascular
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mechanical thrombectomy was proved [145] safe and effective for treating large vessel

occlusions.

Figure 7.11: Experimental setup: a) 1 APCR Actuation unit 2 APCR device b) Branch
selection using APCR device

Mechanical thrombectomy requires high familiarity with the process and high technical

skill to navigate to the portion of the vessel that needs revascularization using passive

flexible catheters and a guide wire. The lack of distal control of the current catheters and the

naturally tortuous path of the internal carotid artery, make it very hard to reach the middle

cerebral artery (MCA). For these reasons, the device presented in this chapter, offers a base

platform to provide extra dexterity to the mechanical thrombectomy procedure.

In [144], we propose to use a pre-operative CT scan to define an optimal trajectory to

the occlusion site and then use the APCR device to navigate to the target point.
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As a first step to a semi-automated navigation process, a preliminary experiment for

bifurcated branch selection was conducted. The APCR device was coupled with a 2 DoF

actuation unit shown in Fig. 7.11.A 1 and using a 60◦ planar bifurcation created using a 3.5

mm ID PTFE tube, shown Fig. 7.11B, the APCR device was inserted while controlled in

joint space. While inserting we were able to select the desired branch to follow by steering

it, in both direction, as shown in Fig. 7.11.B.

7.4 Kinematic Modeling of the Robotic System

As a first step to an optimized APCR device for intraocular surgical application, this

section presents the constrained kinematic derivation of a robotic system comprised of the

newly designed APCR snake like robot coupled with a commercial serial arm (SA). In the

simulation the APCR system is assumed to be comprised of an actuation unit and a stem

section carried by the SA at its EE location as shown in Fig. 7.12.

7.4.1 Nomenclature

For your reference, Below is reported the nomeclature used in this section:

û is a unit vector along vector u. An absence of the superscript for vector u, if not

defined seperately, denotes that the position is with respect to and expressed in the

frame {B}.

[u]× is a cross product matrix of vector u = [ux,uy,uz]
T. Using this definition a cross

product (u×v) can be represented as [u]×v where [u]× =


0 −uz uy

uz 0 −ux

−uy ux 0


{A} is a right-handed frame having its origin at point a and its unit vectors x̂a, ŷa, ẑa

xuis position vector of the point u with respect to and expressed in the frame {X}.

An absence of the left superscript x denotes that the position is with respect to the
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world frame.

xRy is rotation matrix representing the orientation of the frame {Y} with respect to

the frame {X}. An absence of the left superscript x denotes that the rotation matrix

is with respect to the world frame.

xHy is homogeneous transformation of the frame {Y} with respect to the frame {X}.

An absence of the left superscript x denotes that the homogeneous transformation

matrix is with respect to the world frame.

zvx/y is the linear velocity of the frame {X} with respect to frame {Y} and expressed

in frame {Z}

vy is the absolute linear velocity of the origin of the frame {Y}. Lack of a left

superscript means that the vector is described in world frame.

zẋx/y is the twist of frame {X} with respect to the frame {Y} and expressed a frame

parallel to frame {Z}. This column vector is comprised of the linear velocity, zvx/y,

followed by the angular velocity zωx/y. Lack of a left superscript means that the

vector is expressed in world frame.

ẋy is the an absolute twist of frame {Y}. It is comprised of the linear velocity, vy,

followed by the angular velocity ωy. Lack of a left superscript means that the vector

is described in world frame.

θ(s) is the angle of the central curve tangent in the bending plane at some arc length

s along the curve. The θ(s = L) and θ(s = 0) are denoted by θL and θ0 respectively.

Also, the value of θ0 is constant and is equal to π

2

δk is the right-handed rotation angle measured from the bending plane about ẑ1 to a

line passing through the central curve and the kth secondary backbone at s = 0
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ψ is the configuration space vector parameterizing the direct kinematics of the

continuum segments. ψi =

[
θLi δi

]
∈ IR2 for the i− th continuum segment

ψ̃ is the augmented configuration space vector parameterizing the direct kinematics

of the serial arm including the continuum robot.
[

q1 q2 · · · q8 θL1 θL2

]T

∈

IR10.

q̃ is the augmented joint space vector that includes the serial arm joint values fol-

lowed by the continuum robot joint space vector qCS.
[

q1 q2 · · · q8 qT
CS

]T

.

Jq̃ψ̃ is the Jacobian matrix that maps augmented configuration space velocity, ˙̃ψ, to

the augmented joint space velocity, ˙̃q

7.4.2 Serial arm kinematic model

In order to derive the direct kinematics from joint space to task space for the serial arm,

comprising of the SA the CR stem and consequently its instantaneous kinematic, the frame

definition (from frame {B} to frame {7} is generated according the Denavit-Hartenberg

(DH) convention and Table 7.1 provides the DH parameters for the Meca500.

Table 7.1: DH Parameters. Length units are in mm. Angular units are in radians.

ẑi−1 to ẑi x̂i−1 to x̂i
along x̂i about x̂i along ẑi−1 about ẑi−1

Frame ai αi di θi
1 0 π

2 102 q1
2 350 0 -40 q2
3 0 π

2 40 q3
4 140 −π

2 300 q4
5 37.5 π

2 10 q5
6 0 0 0 q6
7 0 0 q7 0

For the serial arm, task space is defined by the position and orientation of frame {T} as
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Figure 7.12: System frames assignment
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expressed by homogeneous transformation bHt given as:

bHt =

bRt t

0 1

=
6

∏
i=1

i−1Hi

8

∏
j=7

j−1H j (7.1)

where t is the position vector of the origin of frame {T} respect to frame {B} and Rt is the

orientation of frame {T} relative to frame {B}.

The direct kinematics expressed as a moving frame sequence can be given by the post

multiplication of the link parameters matrices such that:

bH6 =
6

∏
i=1

i−1Ti (7.2)

where, i−1Ti is the DH link transformation matrix relating the ith coordinate system to the

(i−1)th coordinate system for a given set of DH link parameters θi, αi, ai, di, i = 1 . . .6:

i−1Ti =



cθi −cαisθi sαisθi aicθi

sθi cθicαi −sαicθi aisθi

0 sαi cαi di

0 0 0 1


(7.3)

and

6H8 =
8

∏
j=7

j−1T j (7.4)

is the homogeneous transformation sequence related with the CR stem position and

orientation and the joint variable q7,q8.

It should be noted here that frame {0} is coincident with the base frame {B} and frame

{8} is frame {T} defined at the tip of the shaft.

127



7.4.3 Instantaneous kinematics

The mapping from joint velocities to end effector twist is generated by taking the time

derivative of the direct kinematics. The transformation from the end-effector space velocity

and joint space velocity is given by the following relationship:

ẋt = Jxqq̇ (7.5)

For the above definition of ẋt , the Jacobian matrix, Jxq ∈ IR6×8, is given by the Plücker

line coordinates of each joint axis as expressed in a frame parallel to the world frame and

centered at the origin of frame {T}:

Jxq =

ẑ0× (o8−o0) ẑ1× (o8−o1) ẑ2× (o8−o2) ẑ3× (o8−o3)

ẑ0 ẑ1 ẑ2 ẑ3

ẑ4× (o8−o4) ẑ5× (o8−o5) ẑ6× (o8−o6) ẑ7

ẑ3 ẑ4 ẑ5 ẑ6 0


(7.6)

where, oi, is the position vector of an origin of the ith coordinate system.

7.5 Continuum Robot Kinematics

This section provides the final formulation to compute the pose of the end disk given

the configuration space vector. The derivation is based on [26, 84], for brevity we will

not report the full derivation but only the final expression of the Jacobian mapping Jxψ

which provides the mapping from the configuration space velocity ψ̇ =

[
θ̇L δ̇

]T

and

the generalized twist of the end disk t ẋg/t =

[
˙tgT

, tωT
g/t

]T

, where g = 8,e. Referring to
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equation 6 in [84], the Jacobian matrix Jxψ ∈ IR6×2 is given by:

Jxψ =



Lcos(δ )
(
(θL− π

2 )cos(θL)−sin(θL)+1
(θL− π

2 )
2

)
Lsin(δ )

(
1−sin(θL)

θL− π

2

)
−Lsin(δ )

(
(θL− π

2 )cos(θL)−sin(θL)+1
(θL− π

2 )
2

)
Lcos(δ )

(
1−sin(θL)

θL− π

2

)
L
(
(θL− π

2 )sin(θL)+cos(θL)

(θL− π

2 )
2

)
0

−sin(δ ) cos(δ )cos(θL)

−cos(δ ) −sin(δ )cos(θL)

0 sin(θL)−1


(7.7)

The above mapping is the generalized form for a 2 DoF single segment continuum

robot. In our case, the continuum segment has only 1 DoF so we are assuming that the

bending plan orientation δ is zero. Consequently we are only considering the first column

of Jxψ. For a 2 segment continuum robot we are identifying two Jacobian matrices Jxiψi

with i = 1,2 which relates the mapping from frame {T} to frame {9} and from frame {10}

to frame {E} respectively. The mapping from frame {T} to frame {E} is then give by the

following relation:

Jxψ̃ =

[
SteJx1ψ1

∣∣ S9tJx2ψ2

]
(7.8)

where Ste is a twist transformation from frame {E} to frame {T} defined as:

Ste =

I (tp9− 9pe)×

0 I

 (7.9)

and

S9t =

tR9 0

0 tR9

 (7.10)

where tR9 is the rotation matrix from frame {9} to frame {T} , tp9 and 9pe are the

vector pose of frame {9} respect to {T} and frame {E} respect to {9}.
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7.6 Unconstrained kinematics of the Robotic System

Referring to Fig. 7.12 the robotic system comprised from a serial arm and a 2 DoF two

segment CR. We define frames {P} and {T} representing frames {6} and {7} in figure 7.12.

Frames {T} and {P} are parallel and separated by the joint variable q7.

Given the kinematics of the serial arm and the kinematics of the continuum robot, we

wish to derive the overall system kinematics and to set the stage for solving the constrained

manipulation problem while respecting the fulcrum constraints (frame {F}). In this sub-

section we derive the overall unconstrained system kinematics which means, referring to

Fig. 7.12, we are not considering the conditions of frame {F}. We derive the key mappings

used for robot simulations and high-level resolved-rates control. We use the augmented

space variables defined in the nomenclature and derive the key kinematic mappings be-

tween the augmented joint space velocity ˙̃q, the configuration space velocity ˙̃ψ, and the

generalized twist of the end effector ẋe.

The end effector’s absolute twist is given by:

ẋe = ẋt + ẋe/t (7.11)

where ẋt is the twist of frame {T} and ẋe/t is the relative twist of frame {E} with respect

to frame {T}.

The first term in Eq. (7.11) (the twist ẋt) is given by the serial arm kinematics as Jxqq̇.

In the following steps, we derive the expression for the second term of Eq. (7.11) ( ẋe/t).

The relative twist ẋe/t is given by the contribution due to the motion of frame {T} while

the CR is locked and the contribution of motion due to the CR:

ẋe/t =

0 [t− e]×

0 0

 ẋt +Bt
t ˙̌xe/t (7.12)

where the first term is the twist contribution to frame {T} due to the angular velocity of
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the serial arm acting on an imaginary rigid link from point t to point e. The twist t ˙̌xe/t is

the relative end-effector twist assuming the serial arm is locked and the CR is moving. The

matrix Bt is an adjoint relating the twist in frame {T} to a frame centered at t and parallel

to the world frame. This adjoint matrix is given by:

Bt =

Rt 0

0 Rt

 (7.13)

The relative twist t ˙̌xe/t is due to the continuum robot motion :

t ˙̌xe/t = Jxψψ̇ (7.14)

Assuming that the CR has its own serial kinematics we can write:

ẋe/t =

0 [t− e]×

0 0

Jxqq̇+BtJxψψ̇ (7.15)

now, substituting the relative twist ẋe/t from equation (7.15) into equation (7.11) and using

equation (7.5), we can arrive at the complete arm kinematics simplify into:

ẋe =

I [t− e]×

0 I


︸ ︷︷ ︸

Ate

Jxqq̇+BtJxψψ̇ = Jxψ̃
˙̃ψ (7.16)

For the above definition of ẋe, the Jacobian matrix, Jxψ̃ ∈ IR6×10, is given by:

Jxψ̃ =

[
Ate(Jxq)SA

∣∣ BtJxψ

]
(7.17)

The subscript SA used in equations (7.17) indicates that the respective quantity is related to

the serial arm.
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7.7 Constrained kinematics of the Robotic System

In this section we are considering the presence of an incision point f̃ which applies

remote center of motion (RCM) kinematic constraints on the shaft of the serial arm. We

use f to denote the point instantaneously coincident with f̃. The RCM constrains at the entry

point f̃ to allow sliding along and rolling about the longitudinal axis of the robot shaft and

two tilting motions while preserving the coincidence of the shaft’s longitudinal axis with

point f̃.

The RCM constraints require that the velocity of point f in a plane perpendicular to the

shaft axis ẑt should be equal to the velocity of the RCM point f̃. Defining the linear velocity

of the entry point as v f̃ and the velocity of point f as v f , we can express the RCM kinematic

constraints as:

Ncv f = v f̃ , Nc = I− ẑT
t ẑt (7.18)

where the matrix Nc projects the velocity of point f along a plane perpendicular to the shaft

axis. For an entry point fixed in space, v f̃ = 0 is used in equation (7.18).

The velocity v f is given by the kinematics of the serial arm, while considering point f

as the operational point:

v f = VsA f ẋt (7.19)

where, Vs =

[
I | 0

]
is the selection matrix that extracts out the linear velocity from the

twist and A f is the twist transformation matrix shifting the operational point from point t

to point f and it is defined by:

A f =

I [t− f]×

0 I

 (7.20)

Using the serial arm kinematics, we can update equation (7.19) as:

v f = VsA f JSAq̇ (7.21)
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Equations (7.21) and (7.17) must be solved simultaneously for the joint speeds of the

serial arm and the continuum robot in order to satisfy the desired end-effector motion while

respecting the entry point constraints. To combine these two linear systems of equations,

we use the definitions of the augmented joint space and configuration space variables ˙̃q and

˙̃ψ as defined in this section’s nomenclature. We also define an augmented twist of ˙̃xe as

˙̃xe =

[
ẋT

e , vT
f̃

]T

. Using these definitions, we can combine equations (7.21) and (7.17) into

a single linear system of equations defining the constrained instantaneous direct kinematics:

˙̃xe = Jx̃ψ̃
˙̃ψ (7.22)

where the augmented jacobian matrix in the above equation is given by:

Jx̃ψ̃ =

 Ate(Jxq)SA BtJxψ

NcVsA f (Jxq)SA 0

 (7.23)

where (Jxq)SA refers to instantaneous direct kinematics Jacobian of the serial arm.

Using the above results, the mapping from the augmented joint space velocity1, ˙̃q, can

be written as:

xe =

[
Ate(Jxq)SA BtJxψ

]
˙̃q (7.24)

Also, since the RCM constraint equations (bottom left side of the matrix in equation (7.23))

include only the joints of the serial arms and since for the serial arm ψ = q̇, we can write:

v f̃ =

[
NcVsA f (Jxq)SA 0

]
˙̃q (7.25)

1the augmented joint space vector including the joint speeds of the serial arm followed by the joint speeds
of the continuum robot
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7.8 Performance Measure: Kinematic Dexterity Measures

In order to evaluate the kinematic dexterity of the robotic system we will use the

Kinematic Condition Index (KCI). KCI uses the minimum and maximum singular value

of the Jacobian matrices (Jx̃ψ̃)v and (Jx̃ψ̃)ω where v and ω are identifying the translational

and translational portion of the Jacobian matrix. 2.

Through the process of singular value decomposition we can write:

Ji = UΣVT ∈ IRm×n, i ∈ [v,ω] (7.26)

where, Σ is the diagonal matrix of singular values defined as, Σ= diag
(

σ1 σ2 σ3 · · · σm

)
,

where, σ1 > σ2 > σ3 > · · ·> σm. Using these values, the kinematic dexterity index is given

by:

I = Kinematic conditioning index (inverse condition number)(KCI) =
σmin

σmax
(7.27)

7.9 Preliminary Consideration and Simulation Results

In order to test the derived constrained kinematic, a preliminary test simulation was

conducted. The plots in Fig. 7.13 show a screenshot of the robotic system during a path

following simulation. The task required the EE to follow the desired path keeping a

constant orientation. The desired path has been designed as a circle with the same di-

mension of the equator of an eyeball and we have constrained the robot with an RCM

point located at the superior pole of the eyeball which simulates the entry point during

an ophthalmic procedure. The new APCR device, that was built in the ARMA Lab, has

a total length of 43mm and 1.2 mm in diameter. Even if the size of the NiTi tubes are

compatible with intraocular procedures, its length is not. According to [146] the size of an

2Because of the unit inconsistencies among the in Jacobian matrix Jxq̃, the translational Jv and rotational
Jω portions were compared separately and normalized with respect to a characteristic length ||t−p||2 (the
length of link stem).
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Figure 7.13: Path following: a) Sticks representation of the robotic system while
performing the desired task - b) Closeup view of the end effector following the desired
trajectory

emmetropic human adult eye has been estimated at 24.2×23.7×24.8mm (transverse, hor-

izontal)x(sagittal, vertical)x(axial, anteroposterior) with no significant difference between

sexes and age groups.

As a preliminary evaluation of the ability for the APCR device to complete the designed

task, we have shortened the length of the CS to simulate 3 scenarios for 3 different CSs

length: 8, 6, and 4 mm length. The plots in Fig. 7.14 show the KCI index derived in

eq. (7.27) over the 3 CS length.

7.10 Conclusion

This chapter presented the design and modeling efforts of a new APCR device able to

offer 4 DoF of intraocular motions provided by two continuum segments while maintaining

a working channel for OCT deployment. The prototype of a single segment APCR device

was introduced as a pilot model where the new device was built upon. The design limita-
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Figure 7.14: a) Translational dexterity b) Rotational dexterity

tions of the prototype were addressed using FEA analysis and new fabrication technologies,

which allowed to extend of the new design to a 2 segments APCR. The first testing of the

new device within the context of enabling dexterous intravenous navigation for ischemic

stroke treatment demonstrated that the device was able to navigate through a mockup

artery and was able to choose the path between branches by actively steering. Towards

the targeting application of ophthalmic surgery a preliminary derivation of a constrained

kinematic model for intraocular dexterity is presented. The derived constrained kinematics

has been tested using a task-based simulation where the CR was following the desired path

designed to mimic an intraocular trajectory while respecting the RCM constraint.

The simulation has been performed for 3 different lengths of the CSs and the KCI has

been reported. The results have shown how the dexterity index is affected by the length of

the CSs posing the need for future dimensional optimization of the CS length for a specific

application. We believe that even if the design of the device posed several challenges in

terms of assembly and fabrication, it was still able to complete the preliminary testing and,

as of today, it poses the base of the ongoing project in the ARMA Lab.
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CHAPTER 8

STATIC BALANCING OF 3RRR MANIPULATOR

8.1 Introduction

The animal experiment presented in Section 2.7.2 had very important insight not only

for the robotic system itself but also for the entire procedure in OR. The weight of the

TURBOT is around 6 kg and during the deployment phase, the surgeon was carrying

around the unit in order to found the best orientation to access the bladder through the

urethra. This operation was cumbersome and tiring for the surgeon to the point that help

was needed to accomplish the task. A way around this kind of inconvenient scenarios

would be to incorporate the actuation unit on a 6-DoF (at minimum) statically-balanced

arm with enough workspace for the task. In this way the surgeon would then only steer the

weightless robot in the proper direction.

Moreover, there are many reasons that make the static balancing of a manipulator

really important to develop. Some reasons are strictly in terms of economic advantages

while others are in terms of mechanical advantages. For example, statically balanced

mechanisms have been used for offsetting the physical effort of manufacturing workers in

tasks involving payload transfer (e.g. [147]), for offering assistance to patients with weak

arms or legs (e.g. [148, 149]) and for supporting surgical or medical imaging instruments

[150, 151]. Basically, the static balancing of a manipulator can be defined as the setup of

conditions about dimensions and mass parameters of the manipulator which allow, under

static conditions, to compensate the weight of each link. This means, do not produce any

force or torque at the joint for any configurations of the manipulator.
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It is due to define two different ways to have static balancing. A manipulator is called

force balanced if the total force acting by the mechanism, on any motion, on the fixed base

is constant; this is equal to say that in any configuration, the center of mass of the system

remains fixed.

A manipulator is called statically balanced in any configuration if the weight of each

arm doesn’t produce any force of torque at the joints. This condition is also known as

gravity compensation. The advantages of this condition are many. For example, the need

for high-torque actuators in obviated when static balancing is used to offset gravitational

torques. This leads to more compact designs with less powerful actuators. There are

different ways to achieve static balancing: using masses located in the correct position

to counterbalance the mechanism, or using springs to balance the potential energy of the

system to the elastic energy of the springs. A review of these methods is available in [152].

This cancellation of gravitational force is accomplished through the strategic place-

ment of elastic elements, the addition of counterweight masses, or a combination of these

approaches. Elastic elements can be directly applied to a mechanism’s joints only if the

mechanism has a very simple geometry (e.g. a single link [153]) otherwise a new sub-

mechanisms must be added to the design to generate the desired potential energy func-

tions. Most commonly, these sub-mechanisms are linkages. Most of the literature focuses

on balancing of serial linkages (e.g. [147, 154, 155, 156]) and a significant effort has

been directed towards balancing of parallel mechanisms. Examples of works focused on

parallel mechanism balancing include [157, 158, 159, 160]. Most of these works (with the

exception of [160]) produce designs that are too cumbersome for practical implementation.

Many of the mechanisms used in medical robotics require compact designs, portability

and a small footprint. It is therefore understandable as to why parallel mechanisms have

been considered for many surgical applications. A subset of these surgical applications

require holding tools in particular locations for prolonged periods of time (for example,
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Figure 8.1: Pile’s hand held device [1] with hand tremor filtering parallel robot structure.

stabilizing an endoscopic camera or an ultrasound probe). For this reason, there have been

a few works considering statically balanced parallel robots for such tasks. Lessard et al

[150] proposed a statically balanced planar five-bar linkage mechanisms using masses for

manipulating an ultrasound probe for 3D imaging. Pile et al [1] proposed a planar parallel

robot for cochlear implant surgery and proposed a methodology for achieving static balanc-

ing for these parallel mechanisms using a slider-crack mechanism and a strategic placement

of wire-wrapped cams. This work further elaborates on the approach proposed in Pile

thesis [160], but focuses on designs where the balancing ia achieved through distributed

placement of springs at both active and passive joints of the robot and considers an approach

for determining the balancing mechanisms using wire-wrap cams.

8.2 Static Balancing of planar manipulators

Parallel mechanisms have gained use in several applications (e.g. rapid prototyping

machines, fast pick-and-place robots, haptic devices and surgical robots) due to their po-

tential benefits of precision, compactness, stiffness and dynamic agility. When attempting

to achieve static balancing for these mechanisms, the design task is complicated by the

presence of passive and active joints in their kinematic chains. Unlike serial robots where

exact static balancing of each joint may be directly decoupled as a sub-problem to be solved

by judicious placement of energy storage elements (e.g. [161, 162, 163]), such problem
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decomposition is hard to achieve in parallel mechanisms because of the coupled nature of

all the closed loop kinematic chains of these mechanisms.

The motivation for statically balanced parallel mechanisms stems from several potential

advantages in terms of reducing power and actuators torque requirements, enabling free

motion of balanced mechanisms without motors, and safe interaction between humans and

machines [164, 165]. For example, statically balanced mechanisms have been used for

offsetting the physical effort of manufacturing workers in tasks involving payload transfer

(e.g. [166]), for offering assistance to patients with weak arms or legs (e.g. [167, 168] and

for supporting surgical or medical imaging instruments [169, 170].

There have been three means for achieving static balancing of parallel mechanisms: a)

using counterbalancing masses (e.g. [157, 171]) , b) using springs for energy storage (e.g.

[66, 172]), c) using both springs and counterbalance masses (e.g. [173]). We limit this work

to solutions using only springs for static balancing due to the drawbacks of counterbalance

masses as manifested in increased weight and bulk of the overall parallel mechanism. Such

design solutions (based on springs only) are limited to applications where the direction of

the gravity vector does not change relative to the base of the parallel linkage.

Although there have been many works in the area of static balancing of parallel link-

ages, many of the designs proposed are too cumbersome to be attractive for a realistic

embodiment. Exceptions to this observation are [174, 175] who proposed and demon-

strated a practical embodiment of a six degrees of freedom parallel mechanism with spring-

balanced parallelogram linkages. However, if a parallel robot architecture is considered

with kinematic chains that do not rely on the use of parallelogram mechanisms, the design

solutions are hindered by the presence of passive joints in the kinematic chains. To over-

come this, Koser presented a cam-balancing mechanism for serial robots [176] and Kilic et

al. presented a wire-wrapped cam mechanism for adjustable stiffness [66].

This chapter presents a practical design alternative for achieving statically balanced

parallel mechanisms. Although exact balancing throughout a workspace may be achieved
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in particular geometries and with the addition of balancing masses, we avoid the use

of such balancing masses in favor of a compact and lightweight design. This design

choice is motivated by our envisioned target applications of lightweight parallel robots

as hand-held assistive applications in surgery (e.g tremor filtering [177]) or as portable and

compact robots for manipulation of a fixed payload (e.g. remote sonography or ultrasound

sonography within an MRI bore). The advantage of compactness and design practicality

sought in this work comes at a price of achieving only approximate balancing throughout

a desired dexterous workspace as opposed to exact balancing.

Given that we can achieve only approximate balancing for a desired workspace, the

question of what are the best locations for the placement of balancing springs is addressed

in this work. Because of the target application domain, we avoid the use of non-encapsulated

spring elements (e.g. a linear spring or a wire passing in air and connecting two links in

the mechanism). Such designs offer a risk of injury by potentially grabbing tissue and

complicate the task of sterilization using sterile drapes that may also be caught on these

springs.

With these sought design traits, we consider two design alternatives: 1) parallel mecha-

nisms using torsional springs in either their active and/or in their passive joints, 2) parallel

mechanisms using a combination of linear springs at the base with wire-wrapped cams at

the base.

Relative to prior literature, we present a contribution that uses the 3RRR parallel robot

architecture as a benchmark application for our design strategy and we illustrate the im-

portance of selecting the possible locations for the balancing springs. We compare the

alternative of placing springs in parallel with the active joints v.s. the option of placing the

balancing springs in the passive (elbow joints). We also present an approach whereby ap-

proximate balancing is achieved throughout a portion of the workspace by deriving a modal

approximation of the desired balancing spring torque in a wire-wrapped cam mechanism

and adapting the results to produce possible cam implementations using Kilic’s closed-form
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approach in [66]. In addition, for a given kinematic architecture, we explore the effects of

changing the placement of the workspace on the quality of the balancing throughout the

target workspace. We believe that this exploration will be useful for guiding the design

process for practical compact and lightweight parallel mechanisms for the applications

mentioned above.

8.3 Static Balancing Using Spring Elements

We consider the scenario where a unit vector in the direction of gravity is designated

by ĝ. We assume a parallel robot subject to an external force fe and a moment me. With

this robot having the set of active joints q and the set of passive joints φ, we use τ to

designate the actuator torques. We also use x to denote the pose of the moving platform

which is defined as the vector of position and orientation parametrization. For example, x

for a planar robot would be the two Cartesian coordinates and the angle of rotation of the

moving platform.

Loop closure constraint equations of the topologically independent loops of a parallel

robot may be used to obtain the necessary nonlinear equations relating the passive joints φ

to the active joints q. By taking a time derivative of these loop closure constraint equations,

one can always obtain this instantaneous internal kinematics mapping:

Aφ̇= Bq̇ (8.1)

And the Jacobian1. associated with the above mapping can be defined as:

φ̇= Jφqq̇ , Jφq = A−1B (8.2)

Examples of this approach can be found in [178, 179] for planar and spatial parallel mech-

anisms.
1we use Jxy to designate the Jacobian such that ẋ = Jxyẏ.
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Next, we consider the potential energy Vg of the parallel mechanism. With mi designat-

ing the mass of the ith link, hci denoting the height of its center of mass, mp the mass of the

moving platform and t the location of the moving platform center (end effector point), one

can write:

Vg =
n

∑
i=1

(
mighci (q,φ)+mp

(
tT ĝ
))

(8.3)

where n designates the total number of links in the legs, excluding the base and moving

platform.

Considering the case where a robot is subject only to gravitational forces, one can write

the conditions for static equilibrium as:

τ T
g dq−dVg = 0⇒ τg =

dVg

dq
(8.4)

In the above equation, obtaining Vg only as a function of the active joints q requires solving

a set of nonlinear equations tantamount to solving the direct kinematics or the nonlinear

loop closure equations. Instead, we consider Vg =Vg(q,φ,x) and we apply the chain rule:

τg =
∂Vg

∂q
+JT

φq
∂Vg

∂φ
+JT

xq
∂Vg

∂x
(8.5)

In the general case of a robot having flexible energy storage elements and subject to an

external wrench we, the virtual work principle leads to:

τ T
δq−δVg−δVe−wT

e δx = 0 (8.6)

where dVe is the change of elastic potential energy that is associated with a virtual dis-

placement dq and wT
e δx denotes the work of the robot on the environment. By defining the

gravitational torque τg =
dVg
dq and the torque due to the internal springs τe =

dVe
dq , we obtain:

τ = τg +τe +
[
JT

qx
]−1 we (8.7)
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Finally, by expressing the elastic energy Ve as a function of all possible spring locations at

the active and passive joints, we can write:

Ve =
1
2

1
(
q̃TKqq̃+ φ̃TKφ φ̃

)
(8.8)

where q̃= q−q f and φ̃=φ−φ f designate the spring deflections relative to their unloaded

configurations with corresponding joint angles q f and φ f and Kq and Kφ are diagonal

matrices containing the spring constants installed to the active and passive joints.

The torque due to the elastic elements τe is given by:

τe =
dVe

dq
=

∂Ve

∂q
+JT

φq
∂Ve

∂φ
= Kqq̃+JT

φqKφ φ̃ (8.9)

Substituting (8.9) into (8.7) gives the condition for static balancing for a given load we:

τ = τg +JT
φqKφ φ̃+Kqq̃+

[
JT

qx
]−1 we = 0 (8.10)

where τg is given by (8.5).

8.4 Planar 3-RRR Manipulator

To illustrate the approach of the previous section, we use a 3RRR planar parallel robot.

We consider two possible layouts for this robot: the Wide layout (WL) shown in Fig. 8.2A

and Narrow layout (NL) shown in Fig. 8.2B. In the wide layout, the three base joint are

placed radially with respect to the world frame and equidistantly from each other. In the

narrow layout, the three base joints are placed to the left of the world frame {x̂0, ŷ0} to

mimic an hand-held device with its end effector reaching to the right. We also keep the

serial kinematic chains in each leg in an elbow-up configuration to avoid the risk of collision

between the elbows and the anatomy, which typically lies below the robot base.

In the following simulation study, we will investigate four possibilities for the place-

144



ment of torsional springs:

• Mode 0: the baseline case where no springs are used. The actuator torque required

for this case will be designated by τ0.

• Mode 1: balancing springs are installed only at the active joints.

• Mode 2: balancing springs are installed only at the elbow joints.

• Mode 3: balancing springs are installed both at the active and elbow joints.

8.4.1 Kinematics

Equation (8.10) requires the Jacobian matrices Jxq and Jφq. We therefore derive these

Jacobians in this section. Referring to Fig. 8.3, we define bi as the locations of the base

joints in the base (world) frame {x̂0, ŷ0} and mpi, i = 1,2,3 as the location of the corre-

sponding passive joints in the moving platform-attached frame {x̂t , ŷt}2. We also define ŝi,

as the unit vectors along the actively rotating links at the base and n̂i as the unit vectors

along the forearms connecting the moving platform passive revolute joints at tpi to the

elbow passive joints ei. Finally, we assume the leg lengths ||bi− ei||= L1 and ||pi− ei||=

L2.

Designating the rotation of the moving frame relative to the world frame as wRt and

referring to Fig. 8.3, we can write the loop closure equation:

t+wRt
tp1−L2n̂1−L1ŝ1−b1 = 0 (8.11)

Taking the time derivative of (8.11) and recalling that the time derivatives t ṗ1 =
wωt× tp1,

˙̂s1 = q̇1ẑ0× ŝ1, and ˙̂n1 = φ̇1ẑ0× n̂1 we obtain:

ṫ+wωt×wRt
tp1−L2φ̇1 (ẑ0× n̂1)−L1q̇1 (ẑ0× ŝ1) = 0 (8.12)

2we use tx to designate a vector described in frame x̂t , ŷt and we omit the left superscript when the vector
is described in world frame
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Figure 8.2: 3-RRR Planar manipulator: A) wide (WL) layout B) Narrow (NL) layout. The
red and green dots designate the active and passive joints, respectively.
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To find the relation between q̇ and task space twist, we define the end effector’s reduced-

dimension twist as ẋ , [ṫx, ṫy, γ̇]T where the first two terms designate the Cartesian end

effector speeds and the third element designates the angular rate of rotation of the moving

platform. The passive joint speed φ̇1 is next eliminated from the above equation by taking a

dot product with n̂1 and using the scalar triple product identity a ·b×c= c ·b×a= b ·c×a.

These mathematical manipulations allow rearranging (8.12) as:

n̂T
1 ṫ+

(wRt
tp1× n̂1

)T
γ̇ ẑ0 = n̂T

1 (ẑ0× ŝ1)L1q̇1 (8.13)

Since the 3RRR is a planar robot, wωt = γ̇ ẑ0. Rewriting equation (8.13) with all three

chains results in the matrix form:
n1x n1y ẑT

0 (
wRt

tp1× n̂1)

n2x n2y ẑT
0 (

wRt
tp2× n̂2)

n3x n3y ẑT
0 (

wRt
tp3× n̂3)


︸ ︷︷ ︸

A


ṫx

ṫy

γ̇


︸︷︷︸
ẋ

=

L1


n̂T

1 (ẑ0× ŝ1) 0 0

0 n̂T
2 (ẑ0× ŝ2) 0

0 0 n̂T
3 (ẑ0× ŝ3)


︸ ︷︷ ︸

B

q̇

(8.14)

Using the above results, we define the instantaneous inverse kinematics Jacobian Jqx ,

B−1A such that q̇ = Jqxẋ.

It is possible to extract the Jacobian matrix Jφx that relates ẋ to the passive joint rates

φ̇. To eliminate q̇1 from (8.12) we take the dot product with ŝ1 and using again the cross

product identity, which yields:

ŝT
1 ṫ+

(wRt
tP1× ŝ1

)T
γ̇ ẑ0 = ŝT

1 (ẑ0× n̂1)L2φ̇1 (8.15)
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Repeating the (8.15) for the three kinematic chains provides Jφx such that φ̇= Jφxẋ:


s1x s1y ẑT

0 (
wRt

tp1× ŝ1)

s2x s2y ẑT
0 (

wRt
tp2× ŝ2)

s3x s3y ẑT
0 (

wRt
tp3× ŝ3)


︸ ︷︷ ︸

C


ṫx

ṫy

γ̇


︸︷︷︸
ẋ

=

L2


ŝT

1 (ẑ0× n̂1) 0 0

0 ŝT
2 (ẑ0× n̂2) 0

0 0 ŝT
3 (ẑ0× n̂3)


︸ ︷︷ ︸

D

φ̇

(8.16)

Where is given by Jφx = D−1C.

Using the above two Jacobians, it is possible to derive Jφq such that φ̇ = Jφqq̇ as the

following:

φ̇= Jφxẋ = JφxJqx
−1q̇ ⇒ Jφq = JφxJqx

−1 (8.17)

In the above derivations, we assume that the robot does not suffer any type of singularity

associated degeneracy of any of the matrices A, B, C, D. Conditions for degeneracy of

these matrices were discussed in the literature including [180, 181].

8.5 Static Balancing Strategy

and Simulation Results

Given a dexterous workspace, one can be tempted to design a static balancing solution

for the entire dexterous workspace. We do not advocate for this because the solution ob-

tained through this approach will have attenuated effectiveness. Attempting to obtain max-

imal static balancing throughout the dexterous workspace will demand non-monotonous

balancing torque profiles with very large ranges that would effectively require using either

an adjustable linkage to change the spring pre-load or incorporating balancing masses in
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Figure 8.3: Single kinematic chain of 3-RRR Parallel mechanism

addition to springs. In this section, we propose a different design strategy for simplified

static balancing implementation by using a task-based design task and identifying the ideal

location of the task of the robot.

8.5.1 Task-Based Static Balancing and Sub-workspace Location

The first step towards optimizing the static balancing solution for a given robot is

the identification of the dexterous workspace within which the robot can satisfy desired

ranges for Cartesian and rotation motions. Within the set of reachable points, a dexter-

ous workspace is admissible if all the points within it can be reached with all desired

orientations. In this study, we defined the desired dexterous workspace as the locus of

points reachable in every direction from the origin of the world frame such that the moving

platform can rotate ±30◦. There are a variety of methods that can be used to determine the

dexterous workspace for a given robot (e.g. [182]). In our work, we used a hierarchical

workspace scan starting with constant-orientation scans. For each constant orientation scan,

a recursive depth-first search in the radial direction was used in conjunction with inverse
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kinematics to quickly identify the farthest reachable point associated with a particular polar

coordinate. The boundary of the dexterous workspace is then determined as the set of points

belonging to all the constant-orientation workspaces within the desired orientation range.

This dexterous workspace is identified by 1 and a dashed blue line in Fig.8.4A and B. In

the case of the narrow layout, we limited the scanning range to ±120◦ to avoid physical

overlap of the base joints and the moving platform.

Since our goal is to offer a static balancing strategy that maintains design simplicity and

compactness, we advocate for optimizing the design of the balancing mechanism for a task-

based dexterous sub-workspace. To illustrate the approach, we used for static balancing

design the design task of following a spiral trajectory over a circular area with a diameter of

100mm. Once the design task has been defined, we search for all the points in the dexterous

workspace that are feasible center-points for completing the design task (e.g. following the

spiral). Points offset from the boundary of the dexterous workspace such that the robot can

satisfy design task are feasible points. The boundary of such dexterous sub-workspace is

identified by 2 and marked by a dashed red line in Fig.8.4A and 8.4B.

Figure 8.5A-B explain why it is not feasible to use torsional springs and a design

strategy that optimizes the design of the balancing springs throughout the entire dexterous

sub workspace. The figure shows the mapping of the average torque reduction percent-

age, using torsional springs at the active joints, in both robot base configurations and

constant moving base orientation. The plots show that while in some areas of the dexterous

workspace we can obtain partial static balancing, the same set of spring parameters is not

suitable for other areas where, actually, the average percentage of torque reduction has a

negative value, which means that the required torque at the joints has been increased.

In order to identify the optimal location for the task-based dexterous sub-workspace,

we scanned the dexterous sub-workspace for all the moving base orientations, as shown in

Fig.8.4A- 3 and 8.4B- 3 , and calculated the required torque at the active joints. The cyan

and green asterisks in Fig.8.4A- 4 - 5 and 8.4B- 4 - 5 are the points with the highest and

150



Figure 8.4: A)WL robot configuration. B) NL robot configuration. Both manipulators are
placed in the configuration of max percentage of torque reduction - 1 Dexterous Workspace
2 Dexterous sub-workspace 3 Scanned points for optimal location for the task-based
dexterous sub-workspace 4 - 5 Point of maximal and minimal required torque respectively.
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Figure 8.5: Average percentage of torque reduction over the dexterous sub-workspace: A)
WL robot configuration for γ =−10◦ B) NL robot configuration for γ =0◦.

lowest required joint torque norm respectively.

To choose the optimal placement of the task relative to the robot we consider the effect

of static balancing gain in reducing the required actuator torques. We identified the optimal

location as the point where the highest actuator torque reduction when comparing Mode 0

to Mode 1 with optimized torsional springs.

The robot configurations in Fig.8.4A and 8.4B show the robot at the pose with the

most effective counterbalancing contribution. In Fig 8.5.A and 8.5B the location of these

points are marked with a green triangle and the light-blue shaded circular area defines the

associated task-based dexterous sub-workspace.

8.5.2 Torsional springs optimization

Once the location of the task-based sub-workspace is identified, in order to statically

balance the manipulator over such area, we scan such area following a spiral path and

calculate the required torque using eq. (8.10).

We fine an augmented torque vector τ̆ = [τT
1 , . . . ,τ

T
N ]

T for N sample points along the
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design task of following a spiral. We define the cost function M = 1
2N τ̆

Tτ̆ . We use a

nonlinear least squares algorithm (Algorithm 1 to find the design parameters x̃ that reduces

its cost function. Since we are using torsional springs as elastic elements to counterbalance

the required torque, the design parameters vector x̃ includes the initial pre-load of the

springs and the stiffness coefficients for each torsional spring. The process is repeated for

all the balancing modes introduced in Sec. 8.4 and the results are reported in this section.

Algorithm 1 Nonlinear LS Minimization
Require: TargetPoses(q,Φ,Ψ) . Data set for minimization process

1: START Initialize: x̃, Mi← 100 . Minimization parameters vector
2: while M > ετ and iteri < itermax do
3: τ̆ (~x) = [τ1; ...;τN ], . Aggregated torque vector . N number of Target Poses
4: 4τ̆ = ∂ τ̆

∂~x 4~x, ∂ τ̆
∂~x = JA,

5:

6: JA =


∂ τ̆1
∂~x

∂ τ̆2
∂~x
...

∂ τ̆N
∂~x

 . Gradient of cost function

7: Update x̃i+1:

x̃i+1 = x̃i−ηJ+A τ̆

Mi =
τ̆ T τ̆

2N

. η step-size matrix
8: end while
9: x̃∗← x̃i

Ensure: x̃∗

Figure 8.6 and 8.7 show the required joint torques for the for the WL and NL layouts

over the 4 modes defined in section 8.4. Each plot has a dashed green line which represents

the norm of the actuation torques required at Mode 0, the solid red lines represent the norm

of the joint torques for the three modes, finally the purple dotted lines represent norm of

the torque required for the case of the wire-wrapped cams discussed in sec. 8.5.3.

To compare the balancing efficacy of the torsional spring design, the following perfor-

mance measure eτi , was defined:

eτi =

√
1
N

N

∑
1

(
||τi Modec||
||τi Mode0||

)2

c = 1,2,3 (8.18)
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Figure 8.6: Torque norm profiles for WL layout.

Figure 8.7: Torque norm profiles for NL layout.
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where i is the index of the leg, c is an index designating the Mode, and N = 1500 is the

number of points scanned in the task-based dexterous sub-workspace. Perfect static balanc-

ing corresponds with eτi = 0; therefore, a larger eτi indicates worse balancing performance.

Table 8.1 reports this performance measure for all three modes. The lower values designate

better static balancing outcomes for each leg.

Table 8.1: eτi using torsional springs

Mode 1 2 3
WL NL WL NL WL NL

eτ1 0.18 0.12 0.62 0.68 0.94 0.26
eτ2 0.12 0.66 0.70 0.76 0.08 0.27
eτ3 0.17 0.37 0.85 0.9 0.29 0.54

Figures 8.8 and 8.9 show the required torque norm ratio ||τi||
||τ0|| , where i designates the

mode index (i = 1,2,3) and τ0 designates the torque without static balancing. The plots are

generated over the task-based dexterous sub-workspace.

8.5.3 Wire-Wrapped Cams optimization

In this section, we will compare our method to a more complicated alternative that

utilizes wire-wrapped cams. The wire-wrapped cam design concept we are using in this

section was developed by Kilic et. al. [66]. In this method, a wire attaches on one end

to a translational spring, wraps around an idler pulley, and then wraps around a cam as

shown in Fig. 8.10. When the cam rotates, it extends the spring causing a moment about

the cam’s axis of rotation. Using [66], the cam can be specially designed to generate a

desired moment g(α) as a function of cam angle α . In the design shown in Fig. 8.10, the

idler and cam centers of rotation are assumed to be horizontally aligned and separated by

a distance a along the x axis. The designer is free to choose a as a design parameter. The

translational spring constant k, the spring pre-extension ut , and the idler radius r are also

design parameters.
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Figure 8.8: Torque norm ratio (with springs/without springs) for WL robot configuration

Figure 8.9: Torque norm ratio (with springs/without springs) for NL robot configuration
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By rigidly attaching a cam to each active joint in the 3RRR robot as shown in Fig. 8.11,

we can offset the gravitational torque on the joints in a section of the workspace.

Figure 8.10: Cam design concept and terminology

Figure 8.11: 3RRR wire-wrapped cam design concept for the WL case

The equations in [66] require the cam angle α to be defined as shown in Fig. 8.10.

Because α is defined differently from the linkage angle q, we must calculate the cam angle
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for a given linkage angle using:

α =
π

2
− (q−q0) (8.19)

Where the constant angle between the cam and the linkage q0 is a design parameter.

Because the torque on each joint from the wire-wrapped cam is a function only of the

angle of the joint it is attached to, we can only achieve approximate balancing. Therefore,

we must design a function τest(α) that is the best possible estimate of τ . To do this, we

chose an nth order polynomial basis for τest(α):

τest,i(αi) = bi,0 +bi,1αi +bi,2α
2
i + · · ·+bi,nα

n
i i = 1,2,3 (8.20)

In this equation, i represents the joint (and cam) number. We now must choose the modal

coefficients bi = [bi,0,bi,1, . . . ,bi,n]
T ∈ IRn+1 that minimize the difference between τest,i(αi)

and the actual torque on the joint τi. If we take measurements of τi at N different poses of

the robot, we can write the following equation:


τi,1

...

τi,N


︸ ︷︷ ︸
τi

=


1 αi,1 α2

i,1 . . . αn
i,1

...

1 αi,N α2
i,N . . . αn

i,N


︸ ︷︷ ︸

Mi



bi,0

bi,1

...

bi,n


︸ ︷︷ ︸

bi

, i = 1,2,3 (8.21)

We can now solve for the modal coefficients using the pseudo-inverse of Mi:

bi = M+
i τi, i = 1,2,3 (8.22)

Because we are trying to balance τ , the desired cam torque as a function of cam angle can
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be found using:

gi(αi) =−τest,i(αi), i = 1,2,3 (8.23)

For the both the WL and NL cases, a τest,i(αi) function was calculated from (8.22) using the

data from the search inside the task-based sub-workspace corresponding with the optimal

location for Mode 1. The result of this analysis is shown in Fig. 8.12.

Figure 8.12: Actual torque τi vs. least squares torque estimate τest,i: (a) WL case (b) NL
case

Now that the desired torque function gi(αi) has been calculated for each cam, we can

design the cams using the parameters shown in Table 8.2. The resulting cams for the WL

case are shown in Fig. 8.11.

Similarly to the torsional spring case, eq.(8.18) is used for the wire-wrapped cam

solution to compare the cam balancing efficacy of the wire-wrapped cam designs, the
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Table 8.2: Cam Design Constants

q0 a ut r

WL
q1 2.1567 rad 0.25 m 0.05 m 0.04 m
q2 -1.5669 rad 0.25 m 0.065 m 0.04 m
q3 -0.1566 rad 0.25 m 0.05 m 0.04 m

NL
q1 -0.2287 rad 0.0414 0.06 m 0.04 m
q2 0.2582 rad 0.0414 0.05 m 0.04 m
q3 0.0019 rad 0.0414 0.06 m 0.04 m

following performance measure was created:

eτi =

√√√√ 1
N

N

∑
j=1

(
gi(αi, j)+ τi, j

τi, j

)2

i = 1,2,3 (8.24)

Table 8.3 shows the values of eτi in the case of wire-wrapped cams. Figure 8.13 shows

the torque norm ratio ||τwithcams||
||τ0|| over the task-based dexterous sub-workspace.

Table 8.3: eτi using cams

eτ1 eτ2 eτ3

WL 0.17 0.045 0.16
NL 0.042 0.39 0.11

8.6 Discussion

The simulation results show that the WL layout is easier to balance than the NL layout

as indicated by the lower performance measures eτi . Also, the worst performance cor-

responds with the kinematic cain that reaches the biggest extension. The comparison of

modes shows that Mode 1 offers the best performance based on Table 8.1. Mode 2 offers

the worst balancing performance and Mode 3 does not improve over Mode 1. Therefore,

if one limits the design implementation to using torsional springs, these springs should be

located at the base of the robot where the active joints are positioned.
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Figure 8.13: Torque norm ratio (with springs/without springs) for WL and NL layouts
using wire-wrapped cams.

When comparing the wire-wrapped cam design to the torsional spring design with

Mode 1, we observe by comparing the first two columns of Table 8.1 to the correspond-

ing two rows of Table 8.3 that the cam-based balancing marginally improves balancing

performance for the WL layout, but offers significant improvement for the NL layout.

Based on these results, if one chooses a WL layout based on an application compatible

with this layout, then using a simple balancing solution based on torsional springs can

offer significant actuator torque reduction over a task-based workspace. Alternatively,

if an application demands the use of the NL layout and the design size limitations can

admit the added size and complexity associated with the use of idlers, cams, and linear

springs then the cam-based design will offer better balancing performance. If however the

size limitations are severe then the use of a simple design with torsional springs can offer

effective static balancing over a desired task-based workspace.

For the simple design alternative using torsional springs, changing the location of the

dexterous workspace requires redesign of the spring reload and spring constants and, in

some aspects of the workspace, may not produce effective balancing as shown in fig. 8.5.The

cam-based design alternative effectively locks the location of the dexterous workspace
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since it requires a change in design to incorporate a clutch mechanism allowing the cams

to disengage while shifting the center of the desired workspace. Such mechanism will

ensure that the cams still operate within the range they were designed for. However, the

static balancing performance in that case also would not be guaranteed to offer effective

balancing.

8.7 Conclusion

This chapter discussed design alternatives for static balancing for parallel mechanisms

using elastic elements consistent with applications demanding design compactness, low

mass, and simplicity (e.g. as is the case for medical robotics). While it is possible to obtain

perfect balancing along a path, it is hard to obtain exact balancing throughout a workspace

if one wishes to avoid the use of balancing masses and to maintain design simplicity. We

have considered two design layouts for the 3RRR parallel robot and considered the efficacy

of static balancing based on the location of torsional balancing springs along the kinematic

chains of each design layout. We also compared the performance of these simple designs to

a design alternative using wire-wrapped cams. Our design strategy explains how to use the

concept of a task-based workspace for the optimal design of balancing spring parameters

and for the choice of the workspace location. By using modal fitting for the required

torque throughout the task-based design workspace, we are able to adapt recent results

for the design of wire-wrapped cams for the balancing of the two possible design layouts.

The methodology of this work provides a useful guidance based on the constraints of the

application scenario in terms of choosing the design layout, the placement of torsional

springs, or the possible use of wire-wrapped cams for balancing.
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CHAPTER 9

CONCLUSIONS

9.1 Summary of Findings

Continuum Robots have seen rapid growth in surgical application given their versatility

and dexterity in confined spaces and tortuous paths. The design of these robots (in terms of

their electro-mechanical design and control) is subject to operational requirements in terms

of precision, payload capabilities, workspace, and dexterity. These design properties can be

enhanced by concurrently considering the design of the continuum robot and its actuation

unit.

Chapter 2 reported the design considerations that guided the fabrication of an actuation

unit for a continuum robot for Transurethral Resection of Bladder Tumors (TURBT). From

the analysis of previous studies and surgeons feedback regarding the needs during TURBT,

the design was based on the derived conceptual attributes, which were used for guiding the

choice for the most suitable mechanical architecture, and task specifications. These design

attributes and design specifications were used to guide the detailed design and component

selection for each actuator. The created actuation unit satisfies the required characteristics

of ease of sterilization and actuation separability given by the three actuation modules

that enhanced the modularity of the whole system and robustness to sensor error. After

preliminary testing of the actuation unit to assess its primary functions, the whole robotic

system was tested in several phantoms and in-vivo studies where the robot successfully

ablated tumors in several critical regions of swine bladders using the laser.

In chapter 3 a new design for continuum robots was presented. The new continuum
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robot design enables micro and macro scale motion in a single mechanical embodiment

(as opposed to the traditional approach of serially stacked macro and micro manipulators,

which is not easy to adapt and miniaturize for surgical applications). This new architecture

achieves micro motion by altering the cross sectional stiffness distribution along the length

of the continuum segment. To understand and model the micron-motion of CREM robots,

a custom ad-hoc system for motion tracking was needed to enable micron-level motion

tracking - a precision level not available using commercial motion trackers.

The efforts for creating a tracking marker feasible for micro-motion scale, its tracking

procedure, and CREM motion testing feasibility was presented in chapter 4. Several

markers geometry, fabrication technology, and chromatic scales were tested to finally be

able to obtain a tracking accuracy with error less than 1µm. The new tracking procedure

enabled testing the new CREM robot and measuring its motion repeatability. Results

showed that the robot can achieve motion repeatability of less than 10µm, and its motion

resolution was shown to be less than 2µm.

Chapter 5 presented the derivation of the micro-scale motion modeling and kinematics.

First, a simplistic approach using moment-coupling effect was presented and shown to be

able to replicate the turning-point phenomenon observed in chapter 4. Two other methods

were then presented to explain the source of this turning point phenomenon. The first

methods relied on energy considerations and the second method relied on the kinematic

constraints of these robots. Since both of these methods cannot account for internal friction,

a third method using empirically derived Jacobian was presented using a modal approxi-

mation of the micro-motion map.

Once the modeling framework was defined, chapter 6 demonstrated a system-level

integration and validation of 3D OCT volumes using an external commercial OCT probe

and an integrated miniature custom B-mode OCT probe while enabling the micro-scale

motion. The result showed that the volumes, reconstructed using the OCT scans and the

micro-scale motion, can be generated with a 1µm slices if using closed-loop control with
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position feedback.

Moreover, it was demonstrated that if no visual feedback is used for the 3D OCT

reconstruction, using the experimentally derived micro-motion kinematics, the resulting

3D volumes have less than 5µm of error in position. Using this modeling approach,

we presented the first known demonstration of a continuum robot using OCT for visual

servoing while utilizing both macro and micro motion for guiding a needle into an agar

channel. Using the combined macro and micro motion, the position error of the tip of the

needle from the center of the agar channel was reported at less than 3µm in the longitudinal

axis and less than 0.3mm in the depth direction.

In chapter 7 a new miniature antagonistic pair actuated continuum robot was presented.

The first iteration of a single segment 1-Dof flexure-based design was improved with an

extended dexterity design. As a result of such re-design, a new two segments 2-Dof

APCR was prototyped and tested on a preliminary exploration of task feasibility within

the context of enabling dexterous intravenous navigation for ischemic stroke treatment.

The constrained kinematic model aiming at intraocular dexterity was derived, serving, as

of today, as the base platform of the ongoing project in the ARMA Lab.

Finally, chapter 8 presented the results for a simplified design of a 3-RRR parallel robot

with embedded elastic elements, in 4 different placement modes, aiming at static-balancing

conditions. We showed that this simple design choice allows for effective balancing within

a desired task-based dexterous sub-workspace.

This new simple design considerations allow an average torque reduction of 84% when

using Mode 1, changing the location of the dexterous workspace requires a redesign of the

spring reload and spring constants and in some aspects of the workspace may not produce

effective balancing.

We further extended the design consideration using wire-wrapped cam design showing

that the cam design produces an improvement of an extra 8% in balancing performances

when compared with the balancing strategy using torsional springs but at the cost of having
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a more complex overall design.

9.2 Future Research Directions

There is a possible significant improvement over the TURBoT system. One main aspect

that could generate an immediate and substantial benefit is to further decouple the actuation

scheme. As of now the three cylinders in each actuator module are not fully decoupled,

only the first and second cylinders are. Decoupling the second and third cylinder with

a similar design used for the first two actuators would allow using smaller motors and

further decrease the size of the overall actuation unit for a more compact and lighter

assembly. Based on the experimental evaluation in the pig study, another important aspect

that could be addressed in future research is the visualization modality of the system. A

bottleneck of the current system is the actual field of view relying on a simple resectoscope.

Implementing an articulated camera or a stereo vision camera would significantly increase

the performance of the system. It will allow improved depth perception needed for safer

telemanipulation and the use of vision-assisted virtual fixtures [183, 184].

In chapter 3 the CREM concept demonstrated the capabilities of these robots to achieve

multi-scale motion by coupling the standard direct-actuation of pushing and pulling the

tubular backbones to generate macro motion with indirect actuation whereby altering the

equilibrium pose, micro-scale motion is achieved. A future research direction should

explore the shortcoming of our modeling framework in that it does not capture the effects

of direction reversal of the equilibrium modulation wires (i.e. hysteresis and stiction effects

have not been yet fully characterized or modeled).

One of the natural point of improvement in terms of modeling framework is to extend

the actual study, limited to a 2D dimension, to a 3D case and explore the possibility of

insertion coordination of the insertion wires to generate predefined spatial trajectories.

However, the extension to a 3D case presents challenges, not only on the modeling side,

but also on the hardware itself. The generated motion, no longer confined on a single
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plane, will require at least two cameras to track two markers placed perpendicularly to

each other and accordingly registered to be able to reconstruct the correct motion path of

a 3D configuration. Also, this solution will increase the computational time and power

needed since every step of the online marker tracking will run in parallel for the second

marker. The advantages of enabling 3D micro-motion are multiple. Spatially extended

motion capabilities would allow a bigger scanning range, and could also generate sweeping

motion resulting in a more dense and detailed scanning area over the scanned sample.

Chapter 7 is an exploratory effort for possible use of APCRs in ophthalmic surgery and

for intraocular dexterity enhancement. The design consideration posed several challenges

in terms of flexure optimization and fabrication process but the device proved its ability to

steer in confined spaces making it suitable for surgical application where dexterity, minia-

turization, and hollow bore design are required. However, the design needs to be revised

for each specific application where the segment length, bending curvature, and bending

would be optimized upon it. A natural direction for this work would be to investigate the

dimensional syntheses of the continuum segments’ length and their relative bending planes

based on their clinical application. Moreover, in addition to the challenges of achieving

mechanical embodiments of multi-segment hollow-bore APCRs, the modeling of the statics

of these robots is challenging, yet a requirement for the design of these robots and their

associated actuation units. A modeling approach of the statics of these robots could be

explored using the chain method [141] where the two antagonistic tubes are modeled along

with their coupling forces.

From the results presented in chapter 8, the static balancing condition obtained for a

portion of the dexterous workspace is usually not optimal when we move our manipulator

to a different pose throughout the workspace. An extension of this work in the direction of

obtaining a solution that would generate statically balanced mechanisms that would gener-

ate counterbalancing torque over the entire workspace. Such designs could use an adaptor

"clutch" that allows wire-wrapped cams to remain within their working range. Also, the
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design would require preload adjustment to extend the degrees of freedom to achieve exact

balancing throughout the workspace. However, the static balancing performance, in that

case, would not be guaranteed to offer effective balancing.
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APPENDIX A

HARDWARE IMPLEMENTATION FOR CUSTOM OCT PROBE CONTROL

A.1 Arduino Based Control Box

This section summarizes the mechanical and electrical design of the Arduino Base Con-

trol Box and the Custom made B-mode OCT probe Voice Coil Actuator (VCA)(model:NCM02-

05-005-4JBH manufactured by H2W) used for the experimental evaluation in Chapter 6.

Although this system is the result of many design iterations over the past 5 years, we are

presenting the final design used to support the work presented in this thesis.

A.1.1 Background

The actual control box is a re-designed of the first generation control box, shown in

Figure A.1. The original box was realized to control the actuation unit of a custom made

B-mode OCT probe from [185], synchronizing the signal generated by a commercial OCT

engine to the sweeping movement of the B-mode OCT probe. The last design iteration

includes updates of the original electronics module and an extra control module to be able

to control up to 12 DC motor with their relative encoders.

A.1.2 Overview of Box Redesign

The old box was made out of acrylic material and custom laser-cutted, the new system

instead has been placed in an industrial standard enclosure box, to save design time and to

ensure high build quality. The internal base has been isolated using an acrylic plastic sheet
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Figure A.1: (A) Old Box overview (B) Old box internal layout (C) First VCA controller
prototype

mounted on standoffs within the aluminum enclosure. The PCB, OCT amplifier, power

distributions busses, and motor/encoder electronics modules are mounted on this plastic

sheet.

A.1.3 Fabrication and Assembly

In order to accommodate all the different components, the base,front, and rear panels

are customized and machined using a CNC machine in the A.R.M.A Lab at Vanderbilt

University. The ports on the front panel can be broken into 3 categories: VCA ports

(to the left), Motor/Encoder ports (to the right/middle), and general ports to the far right.

The acrylic sheet mentioned above has been machined using a laser-cutting table. The

new box layout accomodates 1 VCA control module, but it has been design to be able to

accommodate up to 2 modules; moreover it includes one DC motor control module that

can control up to 6 but the design allows to have 2 of these modules in order to control up

to 12 motors.

The new control box internal layout is shown in Figure A.2.B. It is possible to identify

4 main areas of interest:

• the front panel (Figure A.2.A-B)

• the rear panel (Figure A.2.C)

• the OCT probe control module (red dashed area in Figure A.2.B)
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• the DC motors control module (green dashed area in Figure A.2.B)

Figure A.2: (A) Overview of Box Contents (B) Internal Layout: 1 Box power connector
2 OCT Trigger IN 3 Power Supply 4 Cooling Fan 5 VCA Control System 6 VCA power
amplifier 7 PCB board 8 Power bus bars (5V, 12V, GND) 9 DC motors controller 10 Front
Panel

A.2 Electrical Design

Since the complexity of the system having several input and output, in the electrical

design a naming system was implemented to keep track of those connections. Outputs

from the PCB are labeled as O1, inputs to the PCB as IN1. Outputs that run to the outside

of the box for user access are labeled as X1, for external.

Several redesign goals were made at the beginning of the design phase. Initially, the old

box used a wall outlet to provide power. The AC power was passing through an internal

transformer, as well as various rectifier and regulator circuits implemented on a custom

PCB in order to change the input signal to the corrected output directed to the actuation

unit. However, the voice coil that the box was intended to control was being powered

off an external dedicated power supply. These two sources of power are replaced by one

internal power module that can provide enough power for running the circuit and the voice

coil.
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Originally, the old box allowed the use of a hand-held OCT probe, which was powered

using an old audio amplifier. With the new VCA, a dedicated servo amplifier was needed.

The VCA manufacturer suggested to use a B10A04DC servo amplifier. The B10A04DC

amplifier was tested with the voice coil to see what current the amplifier would output for

a given command voltage. This was done by using an Amp-meter to read the current sent

through the voice coil, while sending varying voltages to the amplifier. The results are

shown in the following figure.

Figure A.3: Amplifier Current Output versus Voltage Command

It is clear that the amplifier experiences saturation of the output current at a very low

input voltage for the voice coil. To prevent the sending of too much current to the voice

coil, the PCB potentiometers on the current box implementation were adjusted such that the

shifted voltage being sent to the amplifier ranges from -4 to 4 volts. All the components and

PCBs are powered for a single AC/DC power supply (Emerson Network Power LPQ142-C

AC-DC), the rational of choosing this specific model is based on the following needs:

• Ability to provide all the voltage outputs necessary (+12, -12, and +5V)

• Remote inhibit feature, allowing inhibiting of power supply without high power relay.

• Metal Enclosure, for safety and for longevity of components
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• Current ratings:

– The power supply can supply up to 5 amps on the +12V rail, which is what is

used to power the amplifiers. This was deemed adequate as the voice coil can

draw a maximum of around 2.4 amps, and a typical maxon motor/encoder will

draw around .275 amps. The power supply then could handle 6 motors and one

voice coil, 2 voice coils, or 12 motors without any issues. You could potentially

run more with sufficient testing. The current on the +12V rail was the limiting

factor in power supply selection, as the +5V rail can supply up to 12 amps,

which is more than enough for the PCB

– The power supply has no minimum current load rating, which is important

becasuse the loads on the +5V and -12V rails are not high, as they are only

used for signals

In order to distribute the needed power to each component, the outputs of the power

supply are connected to three bus bars in the control box, one for ground, one for +5V and

one for +12V output. They make it easy for things not on the PCB to have access to these

voltage rails. Basically, it allows one voltage rail to have numerous outputs in the box.

Moreover, for extra safety, the power supply is connected to an Emergency Stop switch.

A.2.1 PCB Overview

The custom PCB (Figure A.5.A) allows control of a VCA using an ESP32 microcon-

troller (Arduino Base coded) together with a B10A04DC servo amplifier, furthermore it

uses a Robogaia 3 axis encoder counter board for encoder feedback. Inputs and outputs are

done either with screw terminals (IN29, O3-12) or with JST XA1 series PCB connectors

(all other IO). This PCB was fabricated by OSH Park.

Figure A.5.B-C show the schematic of the PCB. The PCB receives an input trigger

from a commercial OCT engine, in the form of a voltage signal. This signal is converted
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Figure A.4: Box Panels: (A) Front Panel (B) Front panel layout ( 1 Potentimeter and control
switch 2 Micro-USB port to VCA 3 ESP-32 Power button 4 OCT extra IO 5 Micro-USB
to DC motor controller 6 Dc Motor Controller Ethernet comunication port 7 Dc Motor
Controller extra IO 8 LED power on/off 9 Emergency stop 10 Current/Voltage Display for
OCT Amplifier 11 DAC Shape switch 12 Reset Button 13 Potentiometers 14 VCA 1 Out
15 VCA 2 Out 16 Oscilloscope Outs 4X: DAC, Amplifier Input, Amplifier Current monitor
(Output), Square wave 17 DC Motors/Encoders output). (C) Back Panel 1 Power inlet 2

OCT Trigger IN 3 Cooling fan 4 Fan power switch
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Figure A.5: Custom design PCB: (A) Printed PCB (B-C) Schematic plots
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to a square wave using a Schmitt trigger, at this point the microcontroller converts the

square wave into a triangle wave which is then amplified in on a shift and scale circuit.

The resulting shifted voltage ranges from +10 to -10 volts and it can be modified using the

gain selector potentiometer. This shifted voltage is then fed into the motor amplifier, which

has outputs leading to the VCA. The PCB also houses connections for potentiometers,

switches, outputs for the oscilloscope, and female headers for the Robogaia encoder counter

to allow for tweaking of the parameters from outside the control box and for implementa-

tion and control of PID control gains. each Trace width was determined by using an online

trace width calculator, the range goes between 1oz to 2oz thickness based on the current

passing through each trace. The power lines on the PCB are rated for 3 amps. The Design

Rule Check (DRC) used was based on the guidline of the OSHpark’s website. High power

traces are contained to the upper right corner of the PCB to prevent crosstalk. Decoupling

capacitors are included for powering the EC, all op amps, and the amplifier. Capacitor

values were chosen based on values listed in device datasheets. These are physically kept

as close as possible to the device they are decoupling. On the PCB there are screw terminals

that provide access to +5, +12 and -12 V, as well as ground extra IO options available. There

are also screw terminals for 3 additional GPIO pins for the ESP32. GND and the 3 GPIO

pins are accessible on the front panel. Also available on the front panel is access to the

triangle wave being output from the microcontroller’s DAC, the shifted signal coming out

of the shift and scale circuit, the square wave generated by the Schmitt Trigger, and the

current monitor output of the amplifier.

A.2.1.1 Microcontroller and Encoder Counter

The microcontroller used in this system is an Arduino based HiLetGo ESP32 2.4GHz

Dual-Mode WiFi + Bluetooth. It is connected to 4 potentiometers for user control of

the generated signal to the VCA, as well as a toggle switch (shape_switch for the tri-

angle wave), a momentary switch (reset_button) and an additional SPST rocker switch
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(pot_switch). The wiring diagram in Figure A.5.B-C show which pins on the ESP32 these

controls are wired to. There is also another switch designed to let the user choose between

powering the ESP32 with 5V from the PCB, or using external USB power. This switch has

not been wired in the current box implementation.

The encoders counting task is done by a commercial encoder reading board made by

Robogaia. The 3 axis Robogaia Encoder reading board is compatible with the ESP32

microcontroller (Arduino base libraries), and installed on the main PCB, however, the user

has the option of powering the Robogaia Encoder Counter with either +3.3 or +5 V. Both

options were provided because there was concern that powering the encoder counter with

5V would create logical highs that would be too high for the ESP32’s inputs. For this

reason, it is preferred to power the counter at 3.3V. This does result in a slower read rate,

as noted in the spec sheet for the integrated circuit onboard the encoder counter. To change

between voltages, it is possible to use the toggle switch mounted onboard the PCB.

A.2.1.2 DC Motor/Encoder Control Module

As mentioned in Section 6.4.1, the experimental setup uses a Velmex linear stage to

achieve insertion of the needle inside the agar. The control of the linear slide is performed

by the DC motor control module shown in Figure A.2.B 9 , grouped by the green dashed

line. The module uses an ESP32 microcontroller paired with a Robogaia 3 axis Encoder

Counter board and a Sabertooth 2x25 2007 DC motor amplifier. Potentially this setup can

control up 12 motors/encoder but as of today only 3 channels are wired.

A.3 Voice Coil motor for OCT Probe actuation unit

The following section presents the efforts on design the actuation unit (AU) (Figure A.6)

for a the custom made B-mode OCT probe used in this thesis and originally presented in

[185]. The mechanical design together with the electrical and control scheme are sum-

marized in Section A.3.1 and Section A.3.2 respectively. Finally, Section A.3.2 presents
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experimental evaluation results of the working actuator.

Figure A.6: Custom design VCA: 1 Voice coil motor 2 NiTi tubes 3 Compression springs
4 Adjustable tube holders 5 Optical Encoder Module

A.3.1 Design

The core of the mechanical design is the VCA (model:NCM02-05-005-4JBH manufac-

tured by H2W) shown in Figure A.6 1 . The chosen VCA has an hollow shaft that allow

to pass the fiber glass and NiTi tubes 2 , used for the OCT probe, concentrically. The

stand alone VCA runs in open-loop control mode, doesn’t provide any feedback in position

for his shaft. Since one of working operational requirement for the custom home made

OCT probe is to control the amount of sweeping motion of its tip, a closed-loop control

scheme is then required. The shaft position feedback is acquired using an external Optical

Encoder Module 5 (30µm Quadrature Resolution model: OEM-030U-01 manufactured by

Moticont) and a linear encoder strip which is rigidly attached underneath the VCA shaft.

Two compression springs 3 are used as damping devices. The alignment of the VCA

shaft with the OCT probe is adjustable using the two tube holders 4 positioned a the two

extremities of the AU.
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A.3.2 Control and testing

The control module and electronics has been already discussed in the previous sec-

tion. The ESP32 microcontroller is an Arduino based device which means it uses C/C++

language. The control code uses open source libraries for device/board compatibilities,

however, few custom written libraries have been implemented for PID control scheme

integration. The PID gains have been tweaked using autotuning PID libraries available

on the Arduino platform, however, since the mechanical performances of the OCT probe

may vary with time, the control code allows to adjust each PID gain manually using 3

potentiometers which are not currently wired in the control box.

Figure A.7 shows the results of the testing for the close-loop control of the VCA after

that the PID gains were accordingly tweaked. In this experiment, the VCA was commanded

to oscillate at a frequency of 30 Hz with an amplitude of 3.4mm (purple line), the actual

motion (blue line) shows a stroke of ±3.2mm which means with an error over the full

amplitude of 6

Figure A.7: VCA PID testing result
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