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CHAPTER 1

Introduction

1.1 Background and Motivation

The human hands are exceptionally adaptive tools endowed with sensing and dexterity that

far exceed most man-made tools. The surgical paradigm of open surgery takes advan-

tage of the surgeon's hands to accomplish surgical interventions through a large incision

that accommodates the surgeon's hands. This allows the surgeon excellent exposure to

the surgical �eld, sensory presence, and manipulation. However, the patient suffers from

prolonged recovery time due to the large incision, increased risk of hernia and wound-site

infection, increased stress response due to pain and trauma, and increased �nancial burden

due to prolonged hospital stay.

To overcome these challenges, surgeons developed the minimally invasive surgery para-

digm in the 1980s using manual laparoscopic tools. By making this paradigm shift, they

address the aforementioned shortcomings of open surgery from the patient's perspective at

the cost of introducing signi�cant technical challenges to themselves. Manual minimally

invasive surgery compromises surgical site exposure, visualization, and sensory presence.

Furthermore, it demands surgeons to operate tools in a reverse kinematic mapping that

respects the fulcrum constraint of the access incision and requires surgeons to manipulate

several rigid instruments that lack distal dexterity.

Driven by the need to overcome the challenges to patients and surgeons, robotic-assisted

minimally invasive surgery (RAMIS) was developed in the 1990s as a sequel to MIS. The

�rst robot-assisted laparoscopic procedure was reported in 1985, and since then, RAMIS

has impacted abdominal surgery, thoracic surgery, head and neck surgery, and neuro-

surgery. As the surgical procedures were evolving from conventional to MIS to RAMIS,

surgeons' hands were moving away from the operating site and losing dexterity. The con-

�guration of most instruments used for MIS and RAMIS comprises a handle (in case of
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Figure 1.1: Some of the existing surgical robotic systems: (a) Flex® Robotic System
(Medrobotics Corp.), (b) Auris® Robotic Endoscopy System (Auris Health Inc.), (c) Hugo
RAS System (Medtronic), (d) Senhance® Surgical Robotic System (courtesy of TransEn-
terix Inc.), (e) Versius robot (Cambridge Medical Robotics Ltd.), (f) MiroSurge (DLR,
German Aerospace Center), (g) da Vinci SP (Intuitive Surgical Inc.), (h) University of Ne-
braska laparoscopic single-incision robot (Virtual Incision Corp.), (i) Single port ori�ce
robotic technology surgical system (Titan Medical Inc.). Figures are adapted from [1]

MIS) or a rigid-link robot (in case of RAMIS), a rigid shaft, and a tool attached at the tip of

the shaft either rigidly or by means of some steerable structure. Such a setup would equip

surgeons with four degrees of freedom (DOF): sliding along the rigid shaft, rotating about

the axis of the rigid shaft, and pivoting at the incision location. Unlike steerable instru-

ments, this fulcrum effect limits the ways surgeons can approach the tissue. Therefore, for

minimally invasive surgical tools, having enhanced distal tip dexterity became one of the

essential aspects of robotic systems designed for RAMIS. The key features that contributed

to the preference for RAMIS over manual MIS are enhanced distal dexterity, deep reach,

motion scaling, and no need for mastering reverse kinematic mapping due to the fulcrum

effect. The robotic surgical systems, as listed in Fig. 1.1, have provided such assistance.

However, these dexterous robotic solutions are even more critical for transluminal and sin-

gle port access (SPA) procedures, enabling much deeper access into the anatomy. Unlike
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multi-port MIS or RAMIS, in these transluminal or SPA procedures, the dexterous motion

is not limited to the instruments' distal end.

Considering this fascinating growth in the �eld, it will continue expanding to encom-

pass more surgical domains and approaches. New robotic architectures will be needed to

address such procedural advancements, requiring skills and dexterity beyond human capa-

bilities for better outcomes. Apart from these advancements in robotic solutions having

multiple arms where each arm manipulates a distal dexterity tool, there have been develop-

ments for manual laparoscopic instruments (e.g., Artisential®Products [2]) addressing the

challenges of MIS, e.g., limited ergonomics and dif�culty reaching around internal body

structures. These updated laparoscopic instruments, as shown in Fig. 1.2, seem to have

robotic system-like dexterity, which allows them to mirror a surgeon's hand movements

while providing simultaneous tactile feedback.

Figure 1.2: Commonly available and modi�ed dexterous laparoscopic instru-
ments: (a) FlexDex® (FlexDex Surgical Inc.), (b) RealHand (Novare Surgical), (c)
LaproFLex® (DEAM), (d) Intuitool® (UneMed), (e) Artisential® (LIVSMED), (f) Ra-
dius Surgical System® (Tuebingen Scienti�c). Figures are adapted from [2] and https:
//www.rtpcompany.com/mis-surgical-tool/
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Despite such advancement in manual laparoscopy and robot-assisted minimally inva-

sive surgery, there is a missing piece that was �rst addressed by Cavusoglu et al. in [5] that

the existing literature lacks in providing a systematic methodology to quantitatively com-

pare different manipulator designs of telesurgical robotic manipulators for a given surgical

task. This problem has been appreciated and considered by various groups [6, 7] address-

ing the same technical gap. The work presented and proposed in this dissertation proposal

is focused on bringing more insights aiding the design and development of dexterous distal

devices for surgical-robotic systems.

As the hands of the surgeons moved away from the surgical site, the need for dexterity

enhancement increased. This leads to miniature dexterous distal devices commensurate

with the demands of surgical applications of a small size. For such miniaturization distal

devices and to eliminate the need for sterilization, actuators are placed away from the distal

tip. These devices are largely actuated by pull-pull wire or push-pull backbone actuation

schemes. Such actuation schemes introduce friction forces along the actuation lines, be-

tween the actuation media and the conduits designed in these distal devices, and between

mechanical components of the device itself. It is essential to characterize and compensate

for these losses to yield better performance. Extensive literature is available addressing the

methods to characterize force transmission and motion transmission losses, yet they lack

a framework that can be leveraged to compare different architectures of such dexterous

devices quantitatively.

The robotic solutions to the �elds of minimally invasive surgery (MIS) and robot-

assisted minimally invasive surgery (RAMIS) reduce patient trauma, augment the surgeons'

perception for improved outcomes, or expand the capabilities when compared to traditional

open surgery. Bringing these bene�ts to action, as brie�y discussed above, a variety of

approaches have been developed that are commercially available or are published in the lit-

erature, catering to the challenges that are coupled with these new opportunities in surgery.

Some of these approaches address the challenge of retaining or even expanding surgical
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dexterity and spanning the largest workspace possible while working within the con�ned

spaces of the human body through small incisions. Other approaches address the challenges

of remote manipulation of these dexterous robotic tools and retaining and/or augmenting

the surgeons' perception for improved outcomes. These developments can be adopted to

introduce robotic systems that conduct remote interventions in tactical, hazardous, or catas-

trophic environments, which is relatively unexplored.

1.2 Dissertation Overview and Ogranization

Figure 1.3: Dissertation organization overview

Despite the advancements in these areas, there remain many technical questions lacking

more insightful answers. This dissertation addresses the aforementioned technical ques-

tions in the areas of design, modeling, and telemanipulation assistance of dexterous devices

operating under con�ned spaces and tactical environments. Figure 1.3 shows an overview

of the research areas this dissertation will address. As shown in Fig. 1.3, Chapter (2) will

explore the avenue of robotic assistance for remote emergency interventions and will show

the feasibility of using robotic palpation in remotely identifying the landmark for an emer-

gency procedure called cricothyrotomy. In chapter (3), a new performance measure called

induced vertex motion index (IVMI) is proposed that quanti�es the ability of a particular

design of a serial robot manipulator to operate well within a con�ned space. Then, in chap-

ter (4), we provide some geometric insights into kinematically-singular con�gurations of
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the continuum robots using the concepts of line geometry. Also, we discuss the notion of

safety zones around the nominal singular con�gurations, which can help create better robot

designs and path plans. Next in chapter (5), we investigate the combined impact of force

transmission and motion transmission on wire-actuated distal devices for the teleoperated

surgical robotic system by proposing the notion that de�nes the dead-zone of end-effector

poses uncertainty due to frictional losses and wire extensions. Lastly, in chapter (6), we dis-

cuss the dexterity measures for wire-actuated robots and investigate the effects of different

wire arrangements on their dexterity and uncertainty in their end-effector pose.

1.3 Contribution and Scope of the Work

The overarching scope of this dissertation is the design and performance measures for

dexterous surgical devices for surgical intervention and telemanipulation assistance. The

scope of this work follows a chronological progression of our exploration of areas where

a clearly identi�able contribution can be made. As such, we have limited the scope of this

dissertation to include two broad aspects. First, we start with an exploration of the bene-

�t of palpation and various assistive behaviors to enable challenging diagnostic/landmark

identi�cation. We use remote cricothyrotomyas a benchmark application demonstrating

the utility of combining concurrent palpation information for the user. Next, we turn our

attention to challenges that hinder the use of dexterous surgical instruments for surgery.

We focus on creating performance and design measures that can be used for the design of

two broad categories of surgical devices (wire-actuated wrists and wire-actuated continuum

robots). In doing so, we further focus our attention on offering geometric insights into the

singularities of continuum robots, and we offer performance measures guiding designers

in choosing particular robot architectures for suitability for operating in con�ned spaces.

Finally, the effects of friction on the performance of wire-actuated continuum robots are

formalized as part of new performance measures that should be used concurrently during

the design process to avoid surprises after building such systems.
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1.3.1 Key Contributions

This section enumerates the highlighting points of the contributions presented in this dis-

sertation proposal.

1. Feasibility study of remote landmark identi�cation for cricothyrotomy : A pre-

liminary study was conducted evaluating the feasibility of 4-different telemanipu-

lation modes in identifying the landmark for an incision. One of these modes was

conducted semi-automatically with initial inputs from the user. The results show the

feasibility of each mode. It is apparent that the telemanipulation mode, which pro-

vides both visual and force feedback, is safer and relatively faster than the other three

modes. However, the total time taken to complete the identi�cation task is signi�-

cantly longer than that of existing manual practices. Although the preliminary results

presented in this work are promising, such a robotic solution, if adopted, can be lever-

aged by deployable robotic systems in bringing acute trauma care to the battle�eld

and/or to disastrous scenarios.

2. Performance measure for serial robot manipulator operating in con�ned spaces:

The existing means of characterizing the performance of the robot manipulators are

focused on the end-effector motion. However, in the case of a robot operating in

a con�ned space, it is equally important to consider the motion of the full body in

order to achieve minimal interaction with the environment. A performance measure

capturing the change in the shape of the manipulator is proposed, and a rationale

for such a performance measure is discussed. It addresses a need for a systematic

quantitative comparison of different architectures. This new performance measure

measures the suitability of a particular manipulator design for a given end-effector

task to be performed in con�ned spaces, e.g., thoracic cavity, hollow tubular organs

in the body, vitreous cavity, and shallow-deep surgical sites.

3. Geometric insights into kinematic singularities of the planar continuum robots:
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Due to their curvilinear shape and compliant nature, the continuum robots are very

well suitable for passing through narrow passage, natural ori�ces, and small incisions

to perform dexterous tasks required for minimally invasive procedures. Despite the

complexity of their modeling and control, they have also been adopted by different

avenues of human-robot collaboration for working in con�ned spaces, soft robotics,

inspecting and exploring hard-to-reach places, and search-and-rescue scenarios. A

theoretical gap has been identi�ed when compared to the existing literature for rigid-

link serial robot manipulators: the kinematic singularities of continuum robots are not

as intuitive and discernable as rigid-link serial manipulators. With the help of line

geometry, some geometric insights into kinematic -singularities of continuum robots

are discussed, which helps lay down a singularity map and safety zones around those

singular con�gurations. Because of their inherent compliance and dif�culty in ac-

tively controlling their shape, continuum robots are prone to de�ect from their work-

ing shape under the in�uence of their interaction with the surrounding environment

and/or modeling uncertainties. Therefore, knowing the singular con�gurations across

the workspace beforehand can yield better-informed motion planning and controlling

of the robot.

4. Study showing the impact of nonlinear internal losses in wire-actuated devices

on the end-effector motion resolution: Effects of non-linear internal frictional

losses and wire extensions on the motion resolution of the wire-actuated distal dex-

terous devices are explored. Static modeling of the continuum robots is revisited to

consider the non-linear internal friction. It is solved iteratively in order to minimize

the input actuation forces. In turn, we solve for the force transmission along each ac-

tuation line, internal frictional losses, and the shape of the continuum robot. We also

looked at the effect of the number of disks on force transmissibility, end-effector po-

sition uncertainty, uncertainty in con�guration space variables, and internal frictional

moments and forces.
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5. Dexterity measures for wire-actuated robots: The wire-actuated robots, unlike

rigid-link robots or continuum robots with push-pull actuation, can only exert tension

along the actuation line and suffer from wire-tension transitions while being actuated

within their workspace. The conventional dexterity measures do not account for such

wire-tension transitions and, hence, can not be used as is to evaluate the performance

of wire-actuated robots. The modi�ed dexterity measures are discussed, and the

effects of wire arrangements on the dexterity and end-effector pose uncertainty are

investigated. We used wire/tendon-actuated continuum robots comprised of elastic-

energy-storage �exible central backbone and space disks to validate the proposed

approach through simulation studies.
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CHAPTER 2

Feasibility of Remote Landmark Identi�cation for Cricothyrotomy Using Robotic

Palpation

This chapter is adapted from [8]. ©2021 IEEE. Reprinted, with permission, from Neel

Shihora, Rashid Yasin, Ryan Walsh, and Nabil Simaan, “Feasibility of Remote Landmark

Identi�cation for Cricothyrotomy Using Robotic Palpation,” 2021 IEEE/RSJ International

Conference on Intelligent Robots and Systems (IROS).

2.1 Background and Motivation

Recent decades have shown considerable advancement in robotics for various surgical in-

terventions, but robotics for managing traumatic casualties is relatively unexplored. There

have been works that proposed systems enabling en-route surgeries on an emergency ve-

hicle [9] and unmanned ground vehicles (UGV) for battle�eld extraction [10]. However,

there currently exists no robotic system that brings medical care directly to the wounded

as would normally be done by a human medic. Hence, it would be of great interest both

for military and civilian applications (e.g., search and rescue) to develop unmanned rapid-

response systems for locating and stabilizing casualties in dangerous and rugged environ-

ments. Deployment of such systems would enhance the ability to deliver trauma care to

geographically dispersed, isolated, and area-denied combat units, speci�cally by helping

perform 1) casualty stabilization before extraction, 2) prolonged �eld care, 3) preserving

medical capacity by keeping medics away from active threats, and 4) force multiplication

of medical personnel. There is a potential for robotic systems to perform life-saving proce-

dures on wounded patients using a combination of telemanipulation and semi-automation.

The work discussed in this chapter investigates an avenue to evaluate the feasibility of

robotics in this space.

The use of robotics for trauma care can help in combat and disaster-related injuries.
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In Combat scenarios where it may be dangerous to send a human medic to stabilize and

treat traumatic injuries, a robot can replace sending a human in harm's way. Similarly,

in disaster scenarios where humans may have dif�culty accessing individuals in unsafe

environments or in dif�cult-to-reach environments, robots may be able to reach areas not

safely accessible to physicians within a short time. Also, developing fundamental research

for trauma-capable robots may allow for a more ubiquitous presence of trauma-care robots

in hospitals, ambulances, or public places to respond rapidly to emergency situations.

Figure 2.1: (a) anterior and lateral view of the larynx that shows the cricothyroid mem-
brane. This membrane connects the contiguous front outer edges of the thyroid and cricoid
cartilages. (b) side view of the human larynx. (Images adapted from Gray's anatomy [3],
plates 951 and 957)

One such key emergency procedure is cricothyrotomy, which is a life-saving proce-

dure to establish an airway in patients when standard intubation techniques are unsuccess-

ful or unable to be attempted. To enable ventilation via cricothyrotomy, an incision in the

cricothyroid membrane (Fig. 2.1a) is used to provide access for an endotracheal tube. Iden-

tifying the correct incision landmark requires visual inspection of the laryngeal prominence

(Adam's apple) (Fig. 2.1a) and concurrent manual palpation of the cricothyroid membrane.

The procedure generally entails the stabilization of the trachea with one hand while pal-
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pating the laryngeal prominence down to the cricothyroid membrane with other. After this

membrane is located, a scalpel is used to incise through the cricothyroid membrane to fa-

cilitate access to the airway. These are the key steps of the procedure prior to inserting

the endotracheal tube. The procedure is concluded by securing the endotracheal tube using

sutures or a separate �xation device. While the traditional approach to surgical cricothyro-

tomy uses a scalpel and the insertion of a �nger into the airway, a robotic approach could

leverage a cricothyrotomy kit (e.g. Cric-Key, Plumodyner , Indianapolis, IN), which does

not require excessive scalpel use and is made for simpler and controlled airway access in

high-stress situations without compromising accuracy.

Identi�cation of the cricothyrotomy landmark is critical for establishing an external

airway path. Failure comes with a risk of severing the cricothyroid arteries, tearing the

tracheal cartilage, damaging the trachea, or creating a false passage [11, 12]. The reported

complication rates of the emergency cricothyrotomy range from 10% to 40%, primarily

due to inaccurate landmark identi�cation [12, 13, 14, 15]. Cricothyrotomy is performed

in life-or-death situations and when other airway management options are contraindicated.

Due to the rarity of the procedure, factors like procedural unfamiliarity and the limited

knowledge of anatomy contribute to these above-mentioned complication rates, especially

in the tactical battle�eld environments [16].

The goal of this investigation, at this stage, is to investigate the feasibility and repeata-

bility of robot-assisted landmark identi�cation in a best-case scenario where the airway is

assumed to be stabilized by a second hand or by mechanical means. Once this feasibility is

ascertained, investigations of the possible use of robotic aids to reduce complications dur-

ing Cricothyrotomy may be warranted. After reviewing the related works in section 2.2,

section 2.3 summarizes the experimental setup; section 2.4 discusses the control design

used for the robot to accomplish the experiments; and sections 2.5 and 2.6 discuss the

different telemanipulation modes and the experimental evaluation, respectively.
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2.2 Related Works

Related works to this investigation include works on mechanical imaging of tumors [17,

18, 19], mechanical probing [20], mechanical excitation for tissue impedance characteri-

zation [21], and robot-assisted palpation [22]. These works predominantly focused on the

identi�cation of tumors and have not been applied to palpation of the airways. Within the

context of robot-assisted palpation for cricothyrotomy landmark identi�cation, we believe

this work to be probably the �rst to address feasibility and expected performance.

Speci�cally, there are research works that investigate the means of improving the per-

formance of Cricothyrotomy that do not involve robot assistance. These attempts focus on

improving the cricothyrotomy training program either by introducing the simulators with

some real-time feedback on performance [23, 13] or by �lling up the gaps found in the ex-

isting procedural skill training programs [24]. These approaches demand that emergency

physicians be present on the site, which may be prohibitively dangerous in certain battle-

�eld scenarios and disaster rescue.

Within the broader scope of robotics for trauma care works in orthopaedics [25] for

bone �xation and re-alignment have shown promise. The main exploration of robots for

battle�eld trauma has been the Trauma Pod [26], which requires retrieval of the soldier

prior to treatment, whereas, in our envisioned approach, the robot would be used to offer

a means for stabilizing injuries where conditions may not allow medics or robotic devices

to achieve fast soldier recovery. The key aspect of remote trauma care is telerobotics over

long distances, which has been achieved through a variety of means (e.g., [27, 28]). This

area of research is otherwise unexplored.

2.3 Experimental Setup

Our feasibility experiments used a custom Cartesian robot with a distal force sensor and

a Force Dimension Omega.7®(Nyon, Switzerland) haptic interface as depicted in Fig. 2.2.

The robot is comprised of three orthogonally assembled linear stages (ParkerTM 404XR
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Figure 2.2: An experimental Setup (a) consisting of an XYZ cartesian robot1
 which
manipulates the force sensor2
 to palpate the phantom throat anatomy3
 . A camera 4

captures the interaction between the probe and the phantom. (b) A trachea insert3b
 which
has the opening at the location of the cricoid membrane. (c) A 7-DOF haptic device to
telemanipulate the probe tip and to provide the force feedback to the user.
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(Charlotte, NC)). At the distal end of the robot, an ATI (Apex, NC) Gamma® force/torque

sensor was mounted and equipped with a plastic probe tip for palpation. The Omega.7

haptic interface is a high-�delity device that can apply 3-axis force feedback on the user's

hand while allowing 6-axis motion commands and a gripper control.

A Deluxe Cricothyrotomy Simulator from Simulaids (Saugerties, NY), shown in Fig. 2.2(item

3
 ), was used as the throat phantom for the experiments. The phantom has a plastic base

that mimics the throat anatomy from chin to collarbones. This cricothyrotomy training

simulator used an adult-size trachea phantom (item3b
 in Fig. 2.2), comprising the three

major landmarks of the human larynx, namely, thyroid cartilage, cricothyroid membrane,

and cricoid cartilage. This trachea phantom was inserted into a recess in the plastic base in

accordance with the instructions of the simulator. A soft rubber overlay skin was wrapped

around the phantom to hold the trachea insert in place and cover the base. The recess for the

trachea insert is large enough to mimic the movement of the trachea during the procedure.

However, for the experiments presented in this work, the trachea phantom was glued into

the recess to avoid possible changes in the landmark location while palpating. Neglecting

the movement of the trachea enabled the evaluation of the accuracy and repeatability of the

user-estimated locations of the cricothyroid membrane.

To provide the real-time visual feedback of the interaction between the user manipu-

lated probe tip and the environment, a mono camera was mounted as shown in Fig. 2.2(item

4
 ). The placement of the camera allowed an angled side view of the cricothyrotomy sim-

ulator in order to provide a reasonable sense of the depth of interaction between the probe

tip and the palpated mock skin. The captured interaction was displayed on the 2D screen to

the user. Also, a large opaque cloth was used as a blocking curtain between the robot side

setup and the user side setup to block the direct visualization of the robot side setup.
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2.4 Control Design

The Cartesian robot was controlled using a PD+Inverse Dynamics Low-Level Controller

running at 1kHz on a real-time operating system. To control the forces in the direction

of the surface normal while controlling tangential positioning, a hybrid force-motion con-

troller was used. The torque,ttt , applied to the joints of the robot is calculated as,

ttt = ttt m � ttt f + g� B�p (2.1)

where,B is the joint-level estimated viscous friction,g is the gravitational force on the

robot, torquettt m is the torque applied by the motion controller, torquettt f is the torque

applied by the force controller, and�p is the linear velocity of the probe tip. The motion

controller torque is speci�ed as,

ttt m = WWWmDp̈[K pm(pd � p)+ Kdm( �pd � �p)+ p̈d] (2.2)

whereD is the mass matrix,K pm andKdm are diagonal positive-de�nite proportional and

derivative feedback gain matrices,WWWm is a projection matrix that projects the output to the

space corresponding with allowable motion directions, andp̈ is the linear acceleration of

the probe tip.

The force controller is speci�ed as,

ttt f = WWWf

�
fd + K pf fe+ K i f

Z
fe � Kv �p

�
(2.3)

whereK pf ; K i f are the proportional and integral feedback gain matrices,Kv is an energy

dissipation matrix for stabilizing the controller [29] andWWWf is a projection matrix that

projects forces into the space associated with constraint directions. The termfd is a feed-

forward reference term for the desired applied force. The force error is de�ned as,fe =

fd � fc. Also, the termttt f is negative in Eq. (2.1) because the desired force,fd, represents
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the force applied on the robot, not the force that the robot applies on the environment.

These force and motion projection matrices in (2.3) and (2.2) are explicitly given by,

WWWf = n̂T
en̂e (2.4)

WWWm = I � WWWf (2.5)

where,n̂e is the local environment surface normal andI 2 IR3� 3 is the identity matrix.

The surface normal was estimated from contact force measurements using a moving aver-

age �lter with 100 points. A generalization of how these matrices could be de�ned was

presented in [30].

For each of the telemanipulation modes, we used the motion controller until the probe

tip made contact with the phantom skin. The force threshold for contact detection was

0:5N. After detecting contact, the hybrid force controller was used to follow the user-

induced motion commands while maintaining the constant force of 1:35N on the phantom.

2.4.1 Bilateral Teleoperation for Force Feedback

In this control mode, the Cartesian robot directly receives the reference position from the

Omega.7. The reference command positions were scaled by 0:8 telemanipulation gain and

input into the motion controller in (2.2). As the robot makes contact with the environment,

interaction forces are sent back to the Omega.7 directly to relay those forces onto the user's

hand. The gripper of the Omega.7 is used as a clutch; when the gripper is open, the user can

move the Omega.7 freely without commanding the robot and without feeling interaction

forces. When the gripper is closed, commands from the Omega.7 are sent to the robot,

and forces from the XYZ robot are relayed back onto the Omega.7 with an addition of the

viscous damping terms.
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2.4.2 Stiffness Estimation

For the modes that require motion excitation and automated palpation, the force controller

in (2.3) was given a sinusoidal reference force alongz-axis (Fig. 2.2). With this sinusoidal

force input, it is possible to estimate the environment stiffness based on the most recent

position and force data received from the robot.

For a given palpation cycle, a line is �t and regression is carried out onN samples of

both the forces and the depths of palpation. The line �t to the palpation motion is associated

with a directional vector denoted byû (Fig. 2.3). This vector designates the local tangent in

the direction of the end effector motion along the surface of the environment. The depths,

di , are calculated for each probe tip position during the palpation cycle and are given by,

di = ( pi � mmmp)Tû; i = 1;2; :::;N (2.6)

Here,mmmp is the mean of 250 most recent probe tip positions. The norm of the force,f i ,

projected along the directional vectorû, is used to calculate the directional stiffness along

the palpation direction. The projected norm at each positionpi is denoted aswi and is given

by,

wi = fT
i û; i = 1;2; :::;N (2.7)

A line is �t through the pairs of datadi andwi where the slope of this line represents the

directional stiffness of the environment for that palpation cycle at a particular location along

the palpation path.

With the local directional stiffness of the environment being evaluated, a surface and the

stiffness values over it were interpolated using theRegularizeData3DMATLAB function

[31]. With the user-commanded probe tip position, this surface was updated online and

displayed on the screen as feedback for one of the telemanipulation modes described in

section 2.5. The repeatability of the stiffness estimation algorithm has not been studied, as

the purpose here is to show the relative stiffness.
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Figure 2.3: Stiffness estimation. The probe palpating the tissue (left), the calculated direc-
tion of motion and probing depth (middle), the stiffness calculation (right)

2.4.3 Virtual Fixture

In this mode of operation, a virtual �xture was implemented on the Omega.7 side. To

constrain the user's hand during telemanipulation, a forbidden region virtual �xture was

created that disallows movement outside a certain box within the workspace.

fi =

8
>><

>>:

k(bi;max� pi;d); pi;d > bi;max i = x;y

k(bi;min � pi;d); pi;d < bi;min i = x;y
(2.8)

wherek = 1 N
mm is the box wall stiffness,pi;d denotes the desired probe tip position coordi-

nate,bi;maxandbi;min de�nes the boundaries of the box based on the prior knowledge of the

phantom location, andfi is the force transmitted to the user at the boundaries of the box.

This mode of operation did not affect the force in the z-direction, as the virtual �xture was

only active after the probe tip had made contact with the mock skin. While exploring, when

the user controls the probe tip to be inside the box, no force is applied, but as the user tries

to exit the box, a linear constraint force pushes the user's hand to keep the desired position

within the con�nes of the virtual �xture.
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2.5 Evaluated Control and Assistive Modes

In this section, we discuss the telemanipulation modes that were evaluated for the feasi-

bility study. These modes were evaluated for accuracy and repeatability in the location of

the landmark, the time of completion, and the ease of use. To evaluate the accuracy and

repeatability, the location of the landmark was identi�ed by manually digitizing the points

along the circumference of the hole in the trachea depicting the cricothyroid membrane as

shown in Fig. 2.4. The centroid of these points was used as a ground truth location of the

center of the cricothyroid membrane.

Figure 2.4: Blue circular markers depict the digitized points along the outer border of the
cricothyroid membrane in trachea insert, and the star marker represents the ground truth
location of the center of the cricothyroid membrane

Table (2.1) summarizes these telemanipulation assistive modes. The details of these

modes are provided next.
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Mode 1 Visual display with no force feed-
back (FF)

Mode 2 Visual display with FF

Mode 3 Visual & stiffness display with FF in
lateral directions & sinusoid excita-
tion along z-direction

Mode 4 Semi-automated with visual display

Table 2.1: Assistive modes used in our evaluation study

• Mode 1: In this mode, the user telemanipulates the probe tip with the visual aid and

without any force feedback. The visual aid was provided by streaming the real-time

video of the site on a 2D screen. We used a virtual �xture as in (2.8) to bound the

probe tip motion.

• Mode 2: In this mode, the user telemanipulates the probe tip with direct force feed-

back and visual aid. We used Bilateral teleoperation in section 2.4.1 to provide direct

force feedback. We used a virtual �xture in section 2.4.3 to bound the probe tip mo-

tion. The visual aid was provided by streaming the real-time video of the site on a

2D screen.

• Mode 3: In this mode, the user telemanipulates the probe tip with visual aids and

direct lateral force feedback. We used superimposed sinusoid excitation in force,

which facilitated computing local stiffness values online. We displayed an online

updating stiffness map in addition to the real-time video of the site. The update rate

for the stiffness map was 50Hz. The amplitude, bias, and frequency of the sinusoid

reference force,(fd)z, are 1:8N, 0:65N, and 2Hz respectively. The maximum force

during one time period of this sinusoid is comparable to the RMS force magnitude

reported in [32] for cricothyrotomy on cadavers. Figure 2.6b shows sample stiffness

maps displayed to the user. The location of the probe tip is also shown on the stiffness

21



map to help the user when digitizing the location of the cricothyrotomybased on their

judgment while looking at the stiffness map.

• Mode 4: Unlike the other three modes, this mode is automated and uses initial in-

puts from the user with the following assumptions: (1) the user has clear enough

visual feedback so that locating the visually explicit anatomical landmarks is triv-

ial, and (2) the line joining the laryngeal prominence (Adam's Apple) and cricoid

membrane (Fig. 2.1a) lies in the Sagittal plane. Considering these assumptions,

users were instructed to telemanipulate the probe tip to locate the sternoclavicular

joints (Fig. 2.2(item3a
 )) and the laryngeal prominence (Fig. (2.1a)). Using these

user-estimated locations, a line trajectory was generated, which passes through the

mid-point of the line joining sternoclavicular joints and the laryngeal prominence.

Using the superimposed sinusoid force excitation as mode 3 in the z-axis, the robot

followed the line trajectory where motion along the z-axis was controlled using the

hybrid force-motion controller. The point with the lowest stiffness along the line (as

shown in Fig. 2.5) was designated as the location of the cricothyroid membrane.

The preliminary experimental evaluation included these modes of operation where each

user repeated the experiment 10 times for performance evaluation as outlined in the follow-

ing sections.

2.6 Preliminary Experimental Evaluation and Results

Prior to conducting a user study, three of the four co-authors used the system to evaluate the

performance and feasibility of the remote landmark identi�cation for cricothyrotomy. Only

one of the three co-authors had signi�cant experience using the system but had not gone

through the entire experimental protocol prior to collecting data. All the users had a period

of familiarization with using the system (approximately 10 minutes), and they carried out

experiments with all four modes of robot assistance in a randomized order among each

user.
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Figure 2.5: Representation of the procedure used to determine the location of the cricothy-
roid membrane in mode 4. The centers of the three red circles are the anatomical landmarks
digitized by the user. The center of the blue circle is the location with the lowest stiffness
along the line trajectory. The red letters on the axis labels are anatomical directions (S =
Superior, I = Inferior, R = Right, L = Left)
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Figure 2.6: User side experimental setup (a) consisting of a 2D screen1
 to display the
graphical user interface, another 2D2
 to display the live interaction between the probe
tip and phantom, Omega.7 haptic device3
 , and the cloth4
 obstructing the direct visual
access to the experimental setup. The time strip of the stiffness maps (b) at 3 different
moments in mode 3. In these maps, regions with color closer to blue are softer than the rest
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At the end of each mode except mode 4, users were instructed to bring the probe tip

over to the location of the cricothyrotomylandmark that they identi�ed. Also, the total

time to completion, from the point when robot control was given to users to the point they

recorded their identi�ed landmark location. Those estimated locations are then compared

with the digitized ground truth location of the landmark as in Fig. 2.4.

Figure 2.7 shows the estimated locations of the cricothyroid membrane by each user in

each mode. From the �gure, it can be seen that modes 1 and 2 had the widest scatter in

the data, while mode 3 seemed to produce the closest clusters of data to the ground truth.

Mode 4 was biased to the inferior direction due to the user's dif�culty in discerning the true

location of the laryngeal prominence when using only a single camera view. Table (2.2)

summarizes the average,(�), and standard deviation,s (�), for the norm of location error

and the completion time.

Mode 1 Mode 2 Mode 3 Mode 4

kepk; (s (ep)) mm 6.0, (4.8) 4.8, (2.5) 2.8, (1.9) 4.7, (5.4)

t; (s (t)) min 0.62, (0.48) 0.51, (0.26) 1.63, (0.59) 1.84, (0.30)

Table 2.2: Mean and standard deviation ofkepk and total time (t) for the assistive modes
evaluated

Figure 2.8 shows box plots for the completion time and the norm of the position er-

ror kepk between the user-digitized location in each mode and the ground truth location.

The results suggest that mode 3 required more time to identify the landmark location but

resulted in the least amount of error. The time to completion for mode 4 includes both

time for identifying and recording the initial user inputs and completing the autonomous

line scan. The time reported in this mode is not directly comparable to the results from the

other modes as the time required to complete the autonomous scan depends on the length of

the computed line path, which in turn depends on the participant's anatomical knowledge

and also on the maximum speed allowed when moving in the air (which can be signi�cantly
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Figure 2.7: Polar plots of the user-estimated landmark locations depicted by the blue mark-
ers. Radial grid lines are drawn in 1mm steps. The red letters on the axis labels are anatom-
ical directions (S = Superior, I = Inferior, R = Right, L = Left)
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Figure 2.8: Box plots (a) total time to completion (b) norm of position error. The central red
line is the median, with the box covering the 25th to 75th percentiles of the data. Outliers,
plotted with a cross, are outside 2.7 standard deviations from the mean, assuming normality.
Small dots represent all the data. Asterisk symbols designate a statistically signi�cant
difference in means.

27


	DEDICATION
	ACKNOWLEDGMENTS
	LIST OF TABLES
	LIST OF FIGURES
	NOMENCLATURE
	1 Introduction
	1.1 Background and Motivation
	1.2 Dissertation Overview and Ogranization
	1.3 Contribution and Scope of the Work
	1.3.1 Key Contributions


	2 Feasibility of Remote Landmark Identification for Cricothyrotomy Using Robotic Palpation
	2.1 Background and Motivation
	2.2 Related Works
	2.3 Experimental Setup
	2.4 Control Design
	2.4.1 Bilateral Teleoperation for Force Feedback
	2.4.2 Stiffness Estimation
	2.4.3 Virtual Fixture

	2.5 Evaluated Control and Assistive Modes
	2.6 Preliminary Experimental Evaluation and Results
	2.7 Discussion
	2.7.1 Observation about the results
	2.7.2 Study limitations and improvements
	2.7.3 Observational comments

	2.8 Conclusion

	3 Induced Vertex Motion As a Performance Measure for Surgery in Confined Spaces
	3.1 Introduction
	3.1.1 Driving applications
	3.1.1.1 Thoracic and transthoracic MIS
	3.1.1.2 Dexterous intraocular surgery


	3.2 Quantifying Induced Vertex Motion
	3.3 Constrained Kinematics for MIS
	3.3.1 Kinematic Modeling of The Serial Arm (SA)
	3.3.1.1 Frame Definitions
	3.3.1.2 Direct kinematics
	3.3.1.3 Instantaneous kinematics

	3.3.2 Kinematic Modeling of the Robotic System
	3.3.3 Unconstrained kinematics
	3.3.4 Constrained kinematics with a Remote Center of Motion (RCM)

	3.4 Simulation Case Studies
	3.4.1 Planar manipulators without trocar constraint
	3.4.2 Spatial manipulators with trocar constraint
	3.4.3 Mathematical Notations for Suturing Task
	3.4.4 Task Specification

	3.5 Conclusion

	4 Singularity Analysis of Continuum Robots: Geometric Insights into Kinematically-singular configurations
	4.1 Introduction
	4.2 Kinematic Modeling for Continuum Robots: Preliminaries
	4.2.1 Subsegment Kinematics
	4.2.2 Multi-Segment Kinematics

	4.3 Instantaneous Screws of Motion
	4.4 Singularity Condition for Planner Continuum Robots
	4.5 Singularity Condition for Spatial Continuum Robots
	4.6 Simulation Study: Planar Case
	4.7 Simulation Study: Spatial Case
	4.8 Conclusion

	5 The Friction-Limited End-Effector Motion Resolution of Tendon-Actuated and Continuum Robots
	5.1 Introduction
	5.2 Related works
	5.3 Kinematic modeling
	5.3.1 Continuum Segment Architecture and Forward kinematics
	5.3.2 Instantaneous kinematics

	5.4 Friction limited motion resolution and force transmission measure
	5.5 A Nonlinear Statics Model: Statics modeling of the continuum segment accounting for the internal frictional losses
	5.5.1 Design-Specific Frictional Losses
	5.5.2 Solving the Non-Linear Statics Model
	5.5.2.1 End Disk Subsystem
	5.5.2.2 Intermediate Disk Subsystem
	5.5.2.3 Key Vectors
	5.5.2.4 Geometric Constraints
	5.5.2.5 Formulation as a Constrained-Optimization Problem


	5.6 Simulation study
	5.7 Experimental Setup
	5.8 Friction characterization
	5.8.1 Characterizing the coefficient of friction between wires and wire conduits
	5.8.2 Coefficient of friction in the ball-socket joints

	5.9 Experimental Study
	5.10 Comparative Results
	5.11 Conclusion

	6 Dexterity Measures for Wire-actuated Dexterous Robots
	6.1 Introduction
	6.2 Reduced Jacobian Mapping
	6.2.1 The 3-wire Design Configuration
	6.2.2 The 4-wire Design Configuration
	6.2.3 The Jacobian Update for Tension-Only Designs

	6.3 Uncertainty in the end-effector pose due to joint level uncertainties
	6.4 Comparative simulation study 4-wire v.s. 3-wire design
	6.4.1 Kinematic Conditioning and Minimal Singular Values
	6.4.2 Joint to Task Space Noise Amplification

	6.5 Conclusion

	7 Conclusions
	7.1 Summary of Findings
	7.2 Future Research Directions

	Appendices
	A List of Publications
	A.1 Journal Papers
	A.2 Conference Papers
	A.3 Workshop Presentations

	 References 

