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MECHANICAL ENGINEERING

CONTROL, SENSING, AND TELEMANIPULATION
OF SURGICAL CONTINUUM ROBOTS

ANDREA BAJO

Dissertation under the direction of Professor Nabil Simaan

New surgical paradigms such as natural orice surgery and singleop access
surgery present technological challenges such as indirect routésccess, constrained
workspace, sensory presence, higher degrees of freedom nodatiprs, force feedback
and control. This research investigates design and control aspeof continuum robots
as enabling technology that overcomes these new technologicalltgnges while o er-
ing surgeons safe and intelligent surgical tools.

Although research in the area of continuum robots has grown expentially in the
last ten years, several knowledge gaps remain un-addressed ia éinea of control and
sensing of these devices such as uni ed methods for enhancedknag performance,
real-time constrained motion planning, direct force control, collisionetection, con-
tact estimation, shape and sti ness characterization of unknowenvironments. This
doctoral dissertation investigate algorithms and methods for adessing these techno-
logical gaps and evaluates them on state-of-the-art robotic sgss for laparoscopy,
transurethral bladder tumor resection, and transnasal acceso the throat developed
at the Advanced Robotics and Mechanisms Application Laboratorytavanderbilt

University.
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CHAPTER |

INTRODUCTION

Motivation and Scope of Work

Minimally invasive surgery (MIS) has gradually developed into a standd of care
in many disciplines of surgery such as urologic, neurologic, cardiothsic, head and
neck, and gynecologic surgery. This paradigm trades surgeon'sypiological limita-
tions such as fatigue, dexterity, accuracy, and precision for gant's reduced trauma,
faster post-operative recovery, and fewer complications. In ¢hpast fteen years,
Robotically-Assisted MIS (RAMIS) has greatly enhanced the outeoe of MIS pro-
cedures and enabled less invasive or endoscopic procedures thatvary di cult or
impossible to perform conventionally such as single port access ®iyg(SPAS) or
natural ori ce translumenal endoscopic surgery (NOTES).

However, the outcomes promised by SPAS and NOTES are yet to haly demon-
strated because of the lack of surgical assistants and algorithrdssigned to meet
the challenges of these new paradigms. Hand-held instruments 8PAS such as the
Transenterix Spider , the Olimpus HiQ LS , and the Storz Endocone have been
developed along with modi cations of current FDA approved robotis systems such
as the SPAS daVinai (Figure 1.1). However, these systems lack dexterity, arm co-
ordination, means of ablation, anastomosis, intracorporeal tissumanagement, and
any kinesthetic feedback.

As surgeons explore ways of reaching deep surgical sites with legssions, the
limitations of current surgical instruments do not allows to exploit tke full potentials

of these new paradigms. Future surgical systems designed to e challenges of



SPAS and NOTES will require multiple high degrees-of-freedom (DokFpbotic ma-
nipulators to augment surgical skills and tele-presence; enhanoexterity in con ned
spaces; provide an adequate set of surgical tools, vision, foreedback; and be able
to intelligently react to undesired contacts along their entire strutires.

Continuum robots are continuously-bending manipulators that o er an oppor-
tunity to overcome the limitations of current rigid-link robotics and hand instru-
ments because of their inherent compliance, multiform designs andt@ation means
[83, 105], reduced backlash due to the absence of serial links, dawralability, MRI-
compatibility [98], and force sensing capabilities [115, 117, 86]. Howewhere are
some technical challenges that need to be addressed in order tokenaontinuum
robots perfect candidates for future MIS, SPAS, and NOTES raiiic systems.

First, as researchers rely on passive compliance for safeguardhmganatomy, con-
tinuum and wire-actuated robots su er performance degradatimin terms of payload
carrying capability, position accuracy, tracking delity, and respmsiveness. Despite
the fundamental theoretical work done in the eld of actuation cmpensation and
modeling of continuum robots, there is a lack of delineation of the rolaf extrinsic
feedback and model-based actuation compensation for the telampmulation of hy-
brid systems including continuum, rigid-link, and wire-actuated mecamisms. As the
complexity of robotic systems increases, additional sensory infioation is required
for improving the performances of these devices.

Second, as robots aim to reach deep surgical sites along incredsgirtigrtuous
paths, there is a need to free the surgeon from the onus of saf@gling against surgi-
cal trauma and guarantee safe coexistence of multiple surgicaltisnents sharing the
same workspace. This added complexity requires intelligent surgicsaves that are

able to detect collisions with the surrounding anatomy to prevent irdvertent trauma



to the patient. These robots will need to support automated or seiautomated in-
sertion into the anatomy, estimate contact locations along their sticture, regulate
their contact forces, and use their multi-point interactions to enance end-e ector
precision and safety.

Third, successful manipulation tasks require the surgeon to senfrces and mo-
ments that the instrument applies to the tissue during surgical preedures [104]. The
bene ts of force feedback and control in surgery are to be fodnn surgical tasks
that are not currently possible during conventional MIS such as fgation and tissue
sti ness estimation. Surgeons often use palpation information durg open surgery to
detect anatomical features prior to resection or to localize smallasses and possibly
correspond them to pre-operative images.

This doctoral dissertation addresses these technical challengdsle mainly focus-
ing on technical enablers for surgical slave intelligence and safe npaation. The
main topics covered in this work are:

Control algorithms for improved accuracy, bandwidth, and respwiveness of
teleoperated high DoF hybrid continuum surgical robots.

Algorithmic solutions for collision detection and contact location esti@tion
along multisegment continuum robots suitable for robotic-assistadterventions.

Algorithms for hybrid motion/force control of continuum robots to enable ex-
ploration, palpation, and tissue sti ness estimation in deep surgicalites.

In addition to the aforementioned theoretical contributions, thisdoctoral work
seeks new surgical frontiers to demonstrate the e cacy of thesnew algorithms.
The proposed frameworks will be tested on three robotic platforsnfor laparoscopy,
trans-oral laryngeal surgery, transurethral resection andusveillance, and trans-nasal

laryngeal microsurgery. The Insertable Robotic E ectors Platiom (IREP) [113, 29]



(Figure 1.2(a)) will be used to demonstrate telemanipulation, of hyhd high-DoF sys-
tems during laparoscopy and trans-oral laryngeal surgery. ltsique design presents
challenges in terms of actuation compensation, coordinated cooitrand dexterity en-
hancement. Force control, collision detection, and a novel apprato access-based
virtual xture will be demonstrated on the Rapidly Deployable Platform (RDP) for
transurethral resection of bladder tumor (TURBT) shown in Figue 1.2(b). In ad-
dition to the benet of force feedback in palpation tasks inside the ladder, this
system require a safe interaction of the continuum end-e ectorith the rigid access
constraint due to the urologic resectoscope. Finally, the contra@lgorithms for tele-
manipulation, motion compensation, and complaint motion control wilbe evaluated
on a novel robotic e ector for trans-nasal intervention of the pper airways as shown

in Figure 1.2(c).

Related Work

This section reports on research related to collision detection, asation of contact

location, control of continuum robots, and hybrid force/motion ontrol.

Motion Control of Continuum Robots

Modeling of continuum robots builds upon the work on hyper-reduraht manipu-
lators of Chirikjian and Burdick [20] and Zanganeh and Angeles [119].h& kinematics
of single- and multi-segment continuum robots was initially presenteddly Gravagne
and Walker [37], Hannan and Walker [41], and Jones and Walker [49]. Jsnend
Walker [49] also proposed algorithms for real-time implementation. Saan et al.
[96, 94] proposed a design in which the assumption of circular bendidigamatically

simpli es the computation of direct and inverse kinematics. Xu and Siaman [116]



() (b)

© (d)
Figure 1.1: Commercially available robotic and manual systems for SPA (a) The
Transenterix Spider hand instruments. (b) The Olimpus HiQ LS Curvé 5 mm hand
instruments. (c) The Storz Endocone hand instruments. (d) Théntuitive daVinci.

(@) (b)

Figure 1.2: (a) The Insertable Robotic E ectors Platform (IREP) for Single Port
Access Surgery (SPAS). (b) The Rapidly Deployable Robotic Platfor (RDRP) for
transurethral resection and surveillance. (c) The RDRP for tragrnasal access to the

throat.



validated this assumption and proposed and exact kinematics moder continuum
robots using elliptic integral. Webster et al. [106] and Dupont et all. [JQresented
modeling and control of pre-curved continuum robots. Rucker el. [85] presented
and exact model for externally loaded concentric-tube robots.uRhermore, Rucker
and Webster [86] proposed algorithms for real-time control of tee type of robots.
Xu and Simaan proposed two methods for actuation compensatiohraulti-backbone
continuum robots. The rst method involves a closed form compeasion derived
from theoretical mechanics of solids. The compensation law takegaraccount the
force applied to the actuation lines and their sti ness. The second @thod consists of
a recursive least-square estimator for backlash and model urte@nties. Simaan et al.
[97] further re ned this approach to compensate for the con grations of multiple seg-
ments. Agrawal et al. [2] proposed a smooth backlash inverse fbetcontrol of cable
actuated devices. Kesner and Howe [55] presented algorithms fioction modeling
and compensation in active catheters. Moreover, other reselaecs tried to use vision
to estimate the pose of continuum manipulators. Camarillo et al. [154] presented
algorithms for vision-based con guration tracking for continuum obots with couple
tendons. Croom et al. [22] used self-organizing maps for estimatitige shape of a
concentric-tube continuum manipulator. Reiter et al. [81, 80] presited a feature-
based algorithm for pose estimation of continuum robots with verbgae. Penning et
al. [73] proposed a catheter design with embedded magnetic sessir close loop
control in task space.

The contribution of this doctoral dissertation in the area of motioncontrol of
continuum robots is in proposing the design of a controller that usdsoth intrinsic
and extrinsic online sensory information for improving the con gurBon tracking

and for overcoming modeling uncertainties. We explore the utility ofhis mixed



feedback controller in enhancing regulation and tracking controlfoexible multi-
segment continuum robots. The con guration space controller ns on top of the low
level, joint-space, PD controller based on the instantaneous inger kinematics model

of the robot.

Constrained Motion Control

As continuum robots reach deeper surgical sites, sensory prese trajectory plan-
ning, and the enforcement of virtual xtures is crucial for compleng complex surgical
tasks such as navigation in unstructured environments, suturindnot tying, and dis-
section. In [19, 62], the authors investigated obstacle avoidanag hyper-redundant
robots using geometric methods. In [51, 52], the authors propdse library of virtual
xtures for key surgical tasks. In [100], the authors investigat path planning of
steerable needles. These methods focus on the end-e ector iiyer solving an op-
timization problem during path planning or enforcing task-space vital xtures. In
this paper we propose to enforce virtual xtures in the con guréion space rather than
task space and automatically adjusts the redundancy resolutionrfoptimal tracking
during constrained motion.

The contribution of this doctoral dissertation is in proposing the eforcement
of virtual xtures in the con guration space of the manipulator rather than in the
task space as previously proposed in literature (i.e. [57]). In the @sf continuum
robots, the burden of safeguarding both the anatomy and the ggical slave can not
be left to the surgeon. On the other hand, intelligent surgical slaseshould be able
to autonomously steer away from access and anatomical congtta and adjust the
inversion of the kinematics. The con guration space often providea lower-order
space in which constraints along subsequent segments can be eamilg intuitively

de ned.



Collision Detection and Estimation of Contact Location

Current robotic systems are incapable of fully characterizing theinteraction with
the environment. Full characterization of the interaction meansdiscerning collisions,
localizing contact constraints, and estimating interaction forcesAlthough there are
mature algorithms for compliant hybrid motion/force control [56, 2, 93, 71, 90], there
exists no uni ed framework for theimpact and post-impact phases. These algorithms
require a priori knowledge of the environmental constraint geometry via formulain
of natural and arti cial constraints [78] or motion and constraint screws [67, 59, 32].

Previous works individually focused on collision detection [23, 39], ansdtienation
of constraint locations [31, 25, 74]. De Lucat al. [23, 39] used the generalized mo-
mentum of serial robots to identify contact incidence and the link atvhich contact
occurs. Eberman and Salisbury [31] proposed a least square methsing estimate
of contact location from tactile sensors and joint torque measureents to estimate
the magnitude and the location of contact force. Petrovskayat al. [74] and Debuset
al. presented two di erent probabilistic approaches for contact eghation. Other re-
searchers tried to overcome the limitations of rigid-link robots by desloping sensitive
robotic skins [61].

The contribution of this doctoral dissertation in the area of contat detection
and estimation of contact location is in presenting a general framevk for collision
detection and contact estimation for am-segmentcontinuum robot. The framework
relies only on the relative motion of each segment with respect to itsva base.
By working in local frames, collision detection and estimation of contalocation are
generalized for multi-segment continuum robots. Acrew Motion Deviation(SMD) is
proposed based on the nominal forward kinematics of the robot @extrinsic sensory
information. Online calculation of this deviation for each segment eb&es single-

and multi-collision detection at multiple segments. Estimation of contet location is



(a) Single collision (b) Multiple collisions (c) Whole-arm constraint

Figure 1.3: A multi-segment continuum robot detecting a single collisiota), multiple
collisions (b), and total-arm constraint (c).

carried out by using a constrained kinematics model that describéise constrained
motion of the continuum robot. Results demonstrate the ability of gtimating the
location of contacts, detecting collisions at any point along the rolig structure
(Fig. 1.3a), multiple collisions acting at di erent segments (Fig. 1.3a),and total arm

constraint (Fig. 1.3c).

Force Sensing and Control

Successful and safe interaction with the environment requiresaatic manipulators
to simultaneously control motions and forces at the operationalgnt [56]. When
contact between the robot's end-e ector and the environmentazurs, reaction forces
prevent motions in normal directions while possibly allowing translatioof the contact
point in the tangential directions. These directions depend on theype of contact
such as point, line, and plane contacts, and the amount of frictiondween the two
bodies [67].

There are mainly two methodologies to control interaction forcesnad motions:
impedance control[44] and hybrid motion/force control [78]. Impedance control, a

generalization ofadmittance control [111] andsti ness control [88], aims at regulating



the mechanical impedance of the operational point to contact foes exerted by and
onto the environment. As a consequence, directions in which positichould be
controlled accurately are associated to a large impedance while dtreas in which
the end-e ector should comply with the environment are associadewith a small
impedance. On the other hand, hybrid motion/force control deagles control signals
produced by two independent motion and force controllers by pregting them into
orthogonal directions in which motions and forces should be indepantly controlled.

The main di erence between the two methodologies is that impedanamntrol
indirectly control force via a position feedback while hybrid motion/érce control has
both position and force loops. The advantage of impedance coritie that mode
switching at the time of contact and accuratea priori knowledge of the geometric
constraint and elasticity of the environment are not necessary. rOthe other hand,
hybrid motion/force control require a fairly accurate knowledge fothe contact con-
straint and may produce unstable behaviors during the impact phasbecause of the
intermittent switching in control modes. However, when the robat manipulator is
required to accurately control position and force, the hybrid mabn/force control pro-
vide better performance. For the interested reader, an exhdai® overview of these
two methods, variants, and application are described in [118].

The innate compliance of continuum robots makes them the perfecandidates
for medical applications because of their inherent safety [97, 38, b5, 16, 63, 98, 28]
and dexterous grasper because of the ability to adapt their shapeunknown objects
[49]. However, passive compliance comes with a price of performadegradation in
term of position accuracy, payload, and force exchange capabilgie

With this issue in mind, researchers have recently begun investigagiralgorithms
for sti ness control [64], compliance motion control [4], and indirectorce control [54]

for continuum robots. In [64], the authors proposed a method farombining the
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nominal forward kinematics and the de ection of the manipulator de to the external
load to solve for the actuator positions required to generate thequired tip sti ness.

In [4], the authors proposed a method that allows multi-backbone nbnuum robots to

comply to interaction forces acting at unknown locations. The algghm compares
the nominal and actual actuation forces and produces joint-spa commands that
bring the manipulator to a di erent con guration that minimizes the interaction

force. In [54], the authors proposed an indirect force controlleorf exible catheters

and demonstrated the possibility to maintain contact with a fast moing object such
as a beating heart. To the best of author's knowledge, there ar® mmalgorithms for
direct force control of continuum robots.The primary reason fathis technological gap
is twofold: 1) the lack of force sensors that meet the strict requments of surgical
continuum robots in terms of size, resolution, and sterilization; 2) &amework that

ties task space forces, con guration space generalized for@ag] joint space actuation
forces.

In an e ort to provide miniature robotic manipulators with force feedback, re-
searchers have mainly investigated two methodologies: 1) desigrdananufacturing
of miniature sensors for minimally invasive surgery [89, 103, 7]; 2) atgbms for in-
trinsic force sensing[115, 117, 86, 107]. Although the rst methodology provides a
direct measure of the force at the tip, its wide use is limited by the ineasing demand
of Magnetic Resonance Imaging (MRI) compatible surgical instrums, sterilizabil-
ity, miniaturization, and cost. On the other hand, the second methdology views the
entire robot as both a multi-axis force sensor and a dexterous ercctor. The ad-
vantage of this approach is that sensors (vision or load cells) can placed away from
the tip complying with all surgical requirements. However, the amaou of uncertain-
ties due to actuation lines exibility, friction, and modeling uncertainties in uence

the resolution and delity of the measurement.
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The contribution of this doctoral dissertation in the area of forcecontrol is in
presenting a complete framework for hybrid motion/force contioof all types of con-
tinuum robots with force sensing. The force feedback can be prded by either a
dedicated multi-axis force sensor at the tip or one of the intrinsic foe sensing meth-
ods. The force and position control outputs are merged in the cguration space of
the continuum manipulator via two transformations. The rst transformation com-
putes the desired con guration space velocities that achieve theesired task space
velocities via the inverse Jacobian matrix. The second transformab computes the
desired con guration space velocities that achieve the desired kaspace forces via
the inverse of sti ness matrix of the exible manipulator. The inver® sti ness matrix
provides a mapping between a change in task space forces and angeain con gu-
ration space forces. The joint-space control input is then comprd using the inverse
position solution and a model-based actuation compensation methothe actuation
compensation method has a twofold contribution: 1) compensatés actuation line
extensions, 2) provide a feed-foreword term for the desired kaspace force to be ap-
plied at the tip of the manipulator. The hybrid motion/force control framework for
continuum robots is evaluated on a multi-backbone continuum robouwith intrinsic
force sensing that is suitable for Natural Ori ce Endoscopic Trahgmenal Surgery

(NOTES).

Outline

This dissertation proposal is organized as the following.

Chapter 2 summarizes the simpli ed kinematics and statics model ofuttiback-
bone multisegment continuum robots presented in [96, 94, 115, 11716] and proposes
a new constrained kinematics model that takes into account a poimntact acting

at any point along the primary backbone of the continuum segmentFurthermore,
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results from Xu and Simaan on force sensing [115] and actuation qoensation [114].
Close form solution otompensatedlacobian is derived in order to be used in real-time
control.

Chapter 3 proposes algorithms for motion control of multi-segmerontinuum
robots. First, a tiered controller that uses extrinsic sensory infmation and model-
based actuation compensation techniques for enhanced trackpgrformance of multi-
segment continuum robots. Second, a complete framework foteimanipulation of
continuum robots is presented. The framework describes telemulation algorithms
such as the the computation of the desired pose and twist from masinput, redun-
dancy resolution for 5, 6, and 7 DoF continuum robots. Third, the ancpet of con-
guration space virtual xtures for safe manipulation in con ned spaces is presented.
These algorithms improve the telemanipulation framework by automoously avoiding
known constraints along the entire robotic structure. While enfaing the constraint,
a method that allows for for exploiting the remaining available DoFs is pposed and
evaluated.

Chapter 4 proposes algorithms for collision detection and estimatiasf contact
locations along multisegment continuum robots. In particular, two rethods are pre-
sented for the collision detection problem: the Joint Force Deviatio@FD) method
and the Screw Motion Deviation (SMD) method. The former is basednahe statics
and actuation forces feedback of the manipulator. The latter is aypely kinematics-
based method and it relies on extrinsic sensory information. Furthmore, a frame-
work for estimation of contact location is also proposed. The framerk is able to
estimate contact along multisegment robots using the constrainddnematics model
proposed in Chapter 2.

Chapter 5 proposed a framework for hybrid motion/force contidoof continuum

robots. The force force sensing estimation algorithm proposed bfu and Simaan
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[115] is tied with a parallel motion and force controllers. The projeet control out-
puts are merged into the con guration space and a feedforwarekrim is calculated
using the statics of the manipulator. The chapter concludes with @erimental re-
sults demonstrating force regulation, decoupled motion and forecegulation, shape
estimation, and sti ness estimation of soft tissues.

Chapter 6 presents the integration and evaluation of three surgitsystems: the
insertable robotic e ectors platform IREP and the rapid deploymenplatform RDP.
The IREP system was evaluated on some key surgical tasks suchpask and place,
hands exchange of small objects, suturing, and knot tying. TheDRP system was
tested for two di erent surgical applications: transurethral resection and surveillance
and trans-nasal microsurgery of the throat. For the urologic rcedure, the telesur-
gical system was evaluated on explanted bovine bladders demoasirg targeting,
laser delivery, and biopsy. Fort the head and neck procedures,etlsystem was rst
evaluated on a plastic anatomical model and then on cadaveric mdsle

Chapter 7 presents future research directions and applicationsabled by the work

proposed in this doctoral dissertation.
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CHAPTER II

MODELING OF MULTI-BACKBONE CONTINUUM ROBOTS

This section presents the kinematics, statics, actuation compeai®n and force
sensing of multi-backbone multisegment continuum robots. In padular, two kine-
matics model are presented. The theoretical one was originally pemted in [96, 94]
and simpli ed with a the assumption of circular bending in [115, 116]. Theecond
one is a constrained kinematics model that describes the kinematiehavior of a
single segment under a point contact constraints along its centrabckbone. Statics
and actuation compensation were originally presented in [96] and [J1&orce sensing

algorithms were originally presented in [115, 117].

Theoretical Kinematics

The multi-backbone continuum robots of Fig. 1.2 are composed of rtiple seg-
ments or stages. Each segment is made from multiple circumferefifdocated super
elastic NiTi secondary backbones and one centrally located sup&astic NiTi primary
backbone. By controlling the length of the secondary backboneach segment may

be independently bent according to the kinematics de ned below.

Direct Kinematics

In a n-segmentcontinuum robot, the pose of the end disk of segmektwith respect
to base diskk (or end diskk 1) can be uniquely parameterized by the con guration

space vector (see Figure 11.1):

K= . (I1.1)
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where | is the angle of the tangent to the primary backbone in the bending phe
and  is the right-handed rotation angle fromx,, about z, to a line pointing from
the center of the base and passing through the primary backbonéthe i!" secondary
backbone of segmerk.

Assuming circular bending, positioanKk;gk and orientation REKk;gk of end diskk

with respect to base diskk in f Bxg are given by:

2 3
cos(k)(sin( L) 1)
ey, = L g sin( ) (sin( ., ) 1)% (11.2)
cos(,)
Rptg, = RO i2)Rot( o L;9)Rot( «;2) (11.3)

where operatorRot( ; @) returns a rotation matrix of angle about unit axis 0.
The desired pose of end disk can be achieved by controlling the amount of push
and pull on the secondary backbones. The joint space variablgs= L; L are related

to the con guration space variables as follows:

g=rcos(x+(i 1) )(o ) (11.4)

where is the division angle by which the secondary backbones are equally distited
around the primary backbone ( =2 =m). Hence, for a continuum segment having

m secondary backbones, we de ne the following vector of joint spawariables:

T

W= q o (1.5)

The direct kinematics of an-segmentcontinuum robot is obtained by de ning the
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Figure I1.1: Kinematic nomenclature of two consecutive segments
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following augmented con guration and joint space vectors:

= e T (11.6)

a= qf q) 2 g ::roqf (11.7)

Using equations 1.2, I1.3, and 11.6, the position and the orientationof the end-

e ector of a n-segment continuum robot in the base fram&B,g are given by:

Bo — Bo,~B1 Bo Bk Bo Bn
Pee = RBlpbl;gl+ o Rb« vge 1Pocge ¥t Rbn vign 1Pbnign (11.8)
Bo — pB1...pBx ...pBn
R8¢ = REgI:i:Rps tiiRpPn (11.9)

where rotation Rg° is de ne the transformation between the base frame of segment
1 with respect to robot base framd Byg. Note that, in most cases, the robot base
frame coincides with the base frame of the rst segment and, thefore, Rgf is the

3 3 identity matrix.

Direct Instantaneous Kinematics

The twist of end diskKk, tfj:;gk, with respect to base diskk in f Bxg is obtained by
taking the time derivative of both side of equations 1.2 and I1.3. Theranslational

velocity, v,, ", is given by:

B - .
ety = Ju = (11.10)
where 2 3
cos k( K o)(Cf:S ko)zsm 1 sin kl sin
— - 1 1 .
Jvk — Lkg sin ksm K ((kk (;))SOS K cos klkS%nOk (1.12)
(k o)sin g+cos 0

(k 0)?

18



T

The angular velocity! Ef;gk = e 'y 'a can be extracted from the following
relationship 2 3
0 ! Zy ! Yk
| ! - RB RB (11.12)
v Zk 0 * Xk - bx;gk br(;gk ’ ’
! Yk ! Xk 0

Hence, angular velocity! p%_ is given by:

T T (11.13)
where 2 3
sin k  COS g «
Ji, = g cos SN g k % (1.14)
0 sin g 1

By combining equations 11.10 and 11.13, the twist of end disk can be written as

te s = Jue « — (11.15)

where Jacobian matrixJ;, , is given by:

Jy,
3, =978 (11.16)
‘J!k k

The rate of change of con guration space vector, can be related to the rate of
change of the joint space vectogy by taking the derivative of both side of equation

1.5

Q= g\ (11.17)
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where

2
COS (x o)sin
Ja o = rg : : (11.18)

cos(k+(m 1)) (x o)sin(x+(m 1))

Translation and angular velocity of the end-e ector of a n-segmeérontinuum robot

can be obtained by taking the time derivative of both side of equatienll.8 and 11.9

and using the intermediate results for a single segments 11.10 and13. The time

derivative of 11.8 yields:
Bo — B1

Bo Bo,B1 Ce Bo
Vee = RBlvbl;gl + R'Blpbl;gl +ii+R

Bn Bo,~Bn .
h 100 1Vbhign T R'Bnpbn;gn- (1.19)

Substituting equations 11.10 and 11.13 into equation 11.19 yields:

B —_ B B B -
Vee = Rpidvii—1* iy Pplg * i
Bo | Bo Bo .
Rbn 1;0n 1‘]"n ot bh 1:bn 2 pbﬁgn' (”'20)

Similarly, the angular velocity of the end-e ector is given by:

|Bo |Bo |Bo |Bo
tee St T b T b

Bo Bo Bo
Digioy ¥ Refdis o+ 10 H RyD g J 0

(11.21)

In the case in which the transformation between the robot base drithe base of the

rst segment is xed, the twist of the end e ector can be written as:

tee: \]t —_ (”.22)
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where

2 3

3, :9 RE? Jui s pEll;gl Jig, i Rﬁwo von 2 pan;gn Jia g
Rg%Jr, . i Re% g Jtn

(11.23)

Finally, by taking the time derivative of both sides of 1.7, it is possible ¢ related the
rate of change of the augmented con guration space vector to the rate of change

of the joint space vectorg as:

a=Jq — (11.24)
where 2 3
Juo., O 2 0
SN .0
Jg = ® 2 (11.25)
. . . 0
Jg 1 Jo o 10 g

Constrained Kinematics

Figure 11.2: Simulation sequence of the interaction of a single segrnentinuum
robot with an obstacle according to the proposed constrained kimatics model.

This section presents a modi ed kinematics model that includes a cstnaint act-
ing at arbitrary arc-length location ¢ 2 [0; L] along the primary backbone of con-
tinuum segmentk immediately after the constraint is applied under the following

assumptions:
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Al: Each CS bends in a circular shape and the gravitational forces aregtigible.
This assumptions were veri ed respectively in [116] and [115] for shhaontinuum
robots.

A2: After the constraint is applied, the constrained portion of a segnmé maintains
a xed circular shape and the remainder of the segment continues bend in the same
fashion as a shorter segment as shown by simulation in Figure 1.2 aexperimentally
in Figure 11.3.

Figure 11.3 shows a single segment continuum robots constrained ié second
disk. The image sequence shows how the the shape of the rst paftthe continuum
segment (up to the second disk) does not change while the uncoasted part of
the segment bends like a shorter continuum segment having only #& disks: one

constrainedbasedisk, one spacer disk, and the end disk.

Figure 11.3: Overlay of a single continuum segment before and afteollision with a
static object. The constrained part (bottom) remains xed while tie unconstrained
part bends like a shorter continuum segment.
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Direct Constrained Kinematics

Immediately after the continuum segmenk is constrained, the positior]oEKk;ck and
orientation REKK;CK of the contact framef Cyg (Fig. 11.4) with respect to a local base

frame f Byg is given by:

2
1 sin ,
B _ pB
pBE;Ck - RBE;Pk 0 k(tc)g % (11.26)

Bk _ Bk
RBk;Ck RBk iPk

Refe RE“q, (11.27)

WhereRgk o = Rot( k(tc):2), REE;Ek =Rot(o ;%) and REE;Ck = Rot( « (o) :2),
k (tc) is the bending angle at the time of contact., and , is given by:
=0 (o () (11.28)
k

Using 11.26 and 11.27, posmoan .5, and orientation REE;GK of the constrained end

disk of segmentk is given by:

2 3
1 cos
L
B _ B B C k k
th;Gk - th;Ck + RBt;CkRCt;Fk g 0 % (”-29)
sin g
B _ B C F H
RBt;Gk - RBE;CKRCE;FKRFE;HKRH::;GK (”'30)
where = k and the rotation matrices in 11.30 are de ned similarly as in

[1.27 with rotation angles (t), and  respectively.

Note that when the continuum segment is not in contact, i.e. y = 0, (11.28)
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reads , = o, (11.26) and (11.27) reduce to zero, equations (11.29) and (I1.3pre-
duces to (11.2) and (I1.3) respectively, and reference frameCyg coincides with base
frame f Bxg. Therefore, given the contact arc-length , (11.29) and (11.30) provide

both the unconstrained and constrained kinematics model of th@wtinuum segment.
Furthermore,  (t;) and ¢ (t;) denote the con gurations of the continuum segment

at the time of contactt.. x and y denote the commanded con gurations of the CS

for any instant t > t ..

C
“ NN
Xge K y 9k
h
By Yk k
yek
constrained Y
portion Xey Xf,
k constrained
portion
Yo«
Bk 1 Y b

X
b k (tc) Xpy

Figure 11.4: Constrained kinematic nomenclature. Segmerk is constrained at the
third disk. Contact frame Cy describes position and orientation of the static portion
of the segment. End disk framé&s, describes position and orientation of the end disk
of the segment.

Direct Constrained Instantaneous Kinematics

After collision, contact framef C, g remains xed (assumption A2) and the forward
instantaneous kinematics takes into account the unconstrainedgion of the contin-
uum segment. The translational velocity of the constrained end diss computed by
taking the time derivative of both sides of 11.29:

3

X = Ju (11.31)
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where theconstrained translational Jacobian],, , is given by

2 3
1 COS 3Sin
v « = REt;Ckg 1Sin k 3C0S % (11.32)
2 0
and
1 sin cos
1=(Le &) X K (11.33)
k
sin cos
2= (L W) T (11.34)
k
1 cos
37 (L W= X (11.35)
Similarly to (11.3, the angular velocity of the constrained end disk is gien by:
Feree = Tk (11.36)
where theconstrained rotational Jacobiand,, , is given by
2 3
sin g COS ¢ Sin
Ji o = Rgt;ckg COS sin «sin % (11.37)
0 cos 1
Equations (11.32) and (11.37) are ill-de ned when = |, = . This singularity is

resolved by applying L'Hopital's rule as shown in [115].
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Statics

Using virtual work arguments we can derived the following rst ordelinear rela-
tionship:

widx+ T4q=4U (11.38)

where4 x is the in nitesimal displacement of the end disk due to the external mench,
4 ¢ is the in nitesimal extension in the actuation lines, and4 U is the change in
elastic energy. By noting that4 x = J;, ,4 ,4q9=Jq 4 ,and4U=r U4 |,

equation (11.38 can be rewritten as:

Jl we+Jdl  =ruU (11.39)

tk « Ok«

Actuation Compensation

Xu and Simaan [114] presented the following model based actuatiamngpensation:

g=q+" (11.40)

where

"= Kyt o+e? K (O +f)+ (11.41)

The time derivative of both sides of (11.41) reads:

"= Kgt+e? Kt o (11.42)
where
@
- Gt i ru (11.43)
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Using the pseudo-inverse propertyA™)Y = (AY)T we can write

T T
y - T 147
Jq = Jq Jq Jq
0 ( ) 1
2 2 2 S N*TSe ptSe g
37 3 _rng(cl-'-cz-'-cs) : 22 :
qva - (s +s +s )
2 1)FSe »ptSe 3 2 2 2 2
2 2 2 5 (Sl + SZ + SS )
The inverse of (11.45) is given by
0
. 1 r2 ?@ 2(312+ 522+ 532) (se 1)*5(2 2*Se 3)
Ja Jo -4 (se n*+se n*se 3) 2 2 2
2 (Cl + Cz + C3 )
where
—_ 4 2 2 2
d=r S(1 ) TS ) TS, )
Finally, 0
ric, 2e 3 2 3 (2s, 25,)
d 2d 2d
JT Y _ r3c2 2g r332 2f r3 (25 LS, 51)
q d 2d 2d
e, %o 13sy 2 1P (253 5,+s,)
d 2d 2d
where

e= s,°+s,2+s4°

f:(521+322+323)

We now seek an expression for _

d _d ;4 Py d
- = __ + —
at at Jq r U Jq dtrU
d d
T Y T Y T Y
gt e T da g Ja
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(11.45)

(11.46)

(11.47)

(11.48)

(11.49)

(11.50)

(11.51)

(11.52)



0
r3(2ec, fs ) r3(s, s,)
d d d
3 3 +
T ‘]-CI; y _ (% r (2ecdz fs,) r3(2s 2251 s,) (11.53)
r3(2ec, fs,) r3(s, s,+2s,)
d 2d
0
2r3(32 231+53) I'3(‘:1 Cz)
q 2d d
2,3 3
d_ Jg y :%) r (sldesz+53) r (2C22dCl+C3) (”_54)
2r3(52 Sl+253) r3(C2 Cl+2C3)
2d 2d
Similarly,
d d d
—rU= —r U+ —rU=H _ 11.55
dt d d ( )
where the HessiarH is given by:
0 1
E|p_|_p |E|s_|_EIS rCi p Els 2I'Si
o = %T o U W M § 11.56
a P 3Els 2rs | Els 2rc (11.56)
o - aL?
i=1 i=1
Hence we can write:
=) _ (1.57)
where:
y y
J = d(JdE Y d(JdE) ru + J3 7H (11.58)

28



CHAPTER I

MOTION CONTROL OF MULTI-BACKBONE CONTINUUM
ROBOTS

This Chapter presents algorithms and methods for motion controtelemanipu-
lation, and constrained motion control of multi-segment multi-backone continuum
robots. The rst method proposes a tiered control that uses lib intrinsic and extrin-
sic sensory information. The second method proposes a mastes«s architecture that
does not require velocity inputs from the master console. Insteaitigenerates velocity
pro les based on position and orientation errors and singularity meares. The last
method presents a constrained motion control methods for assebased constraints.
The algorithm generates dynamic virtual xtures in the con guration space of the
manipulator and adapts the redundancy resolution in order to expiiothe remaining

degree of freedoms.

Mixed Feedback for Improved Tracking Performance

This section proposes the design of a controller that uses extrinsidormation
for improving the con guration tracking and for overcoming modelig uncertainties.
We explore the utility of this mixed feedback controller in enhancing galation and
tracking control of exible multi-segment continuum robots. The on guration space
controller runs on top of the low level, joint-space, PD controller ksed on the instan-

taneous inverse kinematics model of the robot.
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Con guration Space Controller (CSC)

Equation (11.24) relates the joint speedsy to the con guration space speeds_.
Because of the the robot's exible elements and coupling betweenbsequent seg-
ments, the continuum robot does not bend as desired. We, theoeé, introduce the
con guration space error e as the deviation of the current con guration space vector

. from the desired con guration space vector
e = 4 . (11.1)
The time derivative of (I11.1) when accounting for (11.24) becomes
e = — I} domm (11.2)

where superscripty denotes the pseudo-inversej.omm iS the vector of commanded
joint speeds, and is a positive scalar corresponding to modeling uncertainties. We

now prove that the following control law
g.COmm = Jq —d + er (”|3)

results in a stable system for a diagonal positive-de nite matriX< ,. De ne the

following Lyapunov function:
— 1 T
V(e )= ée Kpe (111.4)
and its derivative

V=e'Kpe = e'Ky4 e Ky JY deomm: (1.5)
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Using (111.3), (111.5) results in
V=e'Kpy eTKJiJy —g+Kpe (111.6)

Noting that J, 2 R? ®, it follows that J; is aleft pseudo-inverseand, with the

assumption of full rank, one obtains:
V=1 )e'Kp—y eKKpe: (111.7)

In the case of regulation,—4 = 0, sincee’K ,Kp,e > 0, it follows that \L < 0 and,
therefore, the system in asymptotically stable. In the case of tcking, —y 6 O,
asymptotic stability cannot be achieved. However, the tracking esr e is norm-
bounded. In fact, as shown in [92], the larger the norm &, the smaller the norm
of the tracking errore .

Transient and steady state response of (I11.2) can be enhancleyg adding a deriva-
tive gain as follows

GQomm = Jq — 1 er + Kgqe (111.8)

and the stability proof can be carried out with similar arguments as fq111.3). Figure

[11.1 shows a block diagram of the proposed tiered controller. Themer control loop
is closed by encoder feedback while the outer one is closed by anyseerapable of
measuring the con guration of each segment such as a magnetiadker or a vision

system. TheC block implements the pre-compensation proposed in [115].

Experimental Setup

The control algorithm presented in the previous section was testeon the con-

tinuum robot of Figure I11.2. Dimensional speci cations of the robo are reported in
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Figure 111.1: Block diagram of the proposed tiered mixed feedbackontroller for
multi-segment multi-backbone continuum robots.

Table I11.1. Column L gives the segment length. Columm gives the radius of the
pitch circle on which the secondary backbones are distributed anod the primary
backbone. Columnso.d. and i.d. give the outer and inner diameter of the robot's
backbones respectively. The continuum robot is equipped with foBDOF Model 130
magnetic sensors produced by Ascension Technology with an aemy (RMS) of 1.4
mm in position and Q5 in orientation®. Let TMT, TV TY" and T¥T be the ho-
mogeneous transformations between the reference frame ofgmetic transmitter and
the sensors of the robot base, end disk 1, end disk 2, and end disie8pectively as
shown in Figure I11.2. The homogeneous transformation of any erdisk with respect

to its base disk is given by

2
Rk 1 k 1
Thi=Tearm=§ e P (111.9)
0 1
Using (I11.9), the con guration of each segment is given by:

q_
L, = =2 atan2  rZ+rZrs (111.10)
k = atan2 (r23; |'13) (l”ll)
'RMS accuracy report is available at http://www.ascension-

tech.com/realtime/RTtrakSTAR.php
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Figure 111.2: The experimental setup consist of a nine-axis actuain unit, a 3-segment
continuum robot, a magnetic eld generator, and four magnetic s&sors attached to
the robots base (0), the end disk of the rst segment (1), the ehdisk of the second
segment (2), and robots end-e ector (3).

where elements,,, are the entries of the rotation matrixRt 1

The control architecture was implemented in Matlab xPC Target 4.2.The joint
level control loop ran at 1 KHz while the con guration space feedlzk loop ran at
125 Hz. The feedback rate included the acquisition time of the traikclg device, data

packing, and data transmission over a local area network using ttDP.

Table 111.1: Dimensional speci cations for the continuum robot

| Segment| Material | L [mm]|r [mm] | o.d. [nm]] i.d. [mm] |

1 NiTi SE508 50 3 0.889 0.762
2 NiTi SE508 49 3 0.635 0.508
3 NiTi SE508 45 3 0.406 | n/a (wire)
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Experimental Evaluation
E ects of the Controller on Phase Lag

In order to evaluate the performance of the proposed controMathe phase lag was
characterized experimentally with and without the CSC. Each segmewas controlled
in con guration space and the desired con guration variables weradividually ex-
cited by sinusoidal reference inputs of frequencies ranging beéme0.1-2 Hz. Figures.
[11.3a and 111.3b show results associated with the rst segment. igure Ill.3a clearly
shows a reduction in the phase lag when the CSC is applied. The phas®le of
con guration variable |, is about 12 at 0.1 Hz and raises up to 82at 1.9 Hz under
compensation. On the other hand, the phase angle is 2& 0.1 Hz and raises up to
95 when uncompensated. Figure 111.3b shows a similar trend for conugation vari-
able ;. Figures. lll.4a and Ill.4b show analogus results for con guratio variables

L, and ,. The proposed online compensator reduces the phase lag for iegies
between 0.1 Hz and 1.4 Hz for_, and between 0.1 Hz and 1.6 Hz for,. Finally,
Figures. Ill.5a and I11.5b report the behavior of the third segmenwith and without
compensation. The overall performance of the compensatedtsys is clearly better
for frequencies between 0.1 Hz and 1.3 Hz. Due to actuation speedtnpast 1.4 Hz

the phase angle of the controller grows up to 18&and 140 for , and ;3 respectively.

Tracking in Con guration Space and Coupling E ects Between Segments

An evaluation of the bene ts of the controller of Figure 111.1 in improving tracking
in con guration space is next presented. The evaluation is carriedud rst for a
single-CSDoF and then for multi-CSDoF movement in con guration sgpce in order
to identify coupling e ects between the robot's independently actated segments and

individual segment con guration space DoFs.
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Figure I11.3: Phase lag a ecting the rst segment with and without CSC

Single-DoF Con guration Space Tracking

Experimental data were collected with and without the CSC. After he tuning
procedure was completed, the rst segment was commanded torgewith a xed
1 and a sinusoidal input in ,with a frequency of 0.5 Hz . Figure IIl.6 shows a
comparison of the tracking performance in_, DoF, with and without the CSC. The
system response is a ected by a time delay mostly due to the loweefluency of the
higher level feedback loop. However, as expected, the respoofé¢he system is a

sinusoid with the same frequency of the output and a peak-to-ple@eviation error
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Figure I11.4: Phase lag a ecting the second segment with and withatCSC

of less than 1. Figures. 111.7, 111.8a, 111.8b, 111.9a, and 111.9b show disturbances on
all the remaining con guration space variables. The gures show #t the use of the
CSC reduces the sinusoidal disturbances and drifting phenomensa ia the case of

conventional joint space control (i.e. without CSC).

Multi-DoF Con guration Space tracking

In order to test the performance of the con guration space camoller in the

case of concurrent actuation of all the segments, a rest-tostequintic polynomial
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Figure I11.5: Phase lag a ecting the third segment with and without CSC

trajectory was used to change the robot's con guration from th initial con gu-
T

ration = 45: 0; 45:; 45; 45; 45 to the nal conguration ; =
T
60;: 15; 60; 30; 30; 30 with an execution time of 5 seconds. The

experimental results for the rst, second, and third segment & shown in Figures.
[11.10, 111.11, and I11.12 respectively. Figures. 1l1.10a and Il11.0b show that the
pre-compensator factor proposed by Xu and Simaan in [115] is et®&e only in re-
ducing errors in the con guration space variable |, but not in the con guration

space variable ;. Furthermore, Figures. [11.11 and I11.12 show that e cacy of the
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pre-compensation deteriorates for the second and last segmefitis is due to the
fact that the compensation factors are computed by actuatingaeh segment individ-
ually with the others in straight con guration. This is not, obviously, the case when
all three segments are actuated concurrently and the bendingrcguration of each

segment dynamically modi es the sti ness of the overall structure The use of the
CSC overcomes the de ciencies of the previously proposed prenspensation. Errors

in con guration space are within the RMS accuracy of the magnetiaacking device

used for the experiment.
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Figure 111.8: Coupling e ect between the second segment and ,

External Wrench Disturbance

In this section we demonstrate the response of the proposed olter to external
wrench disturbances. An external load was applied to the robot dre ector as shown
in Figure 111.13(a) and the time history of the con guration space agles was recorded.
Figure 111.14 shows the experimental results. Figure Ill.14-a sk bending angles

L.y L, and |, while Figure 111.14(b) shows plane angles;, ,, and 3. The
results show that the CSC closes errors due to external forcetdidbances. Although

the former graph shows a small change in bending angles, .,, and ., Figure
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Figure 111.9: Coupling e ect between the third segment and |,

I11.13(c) shows the robot's steady-state deformed shape. Theerturbable shape is
due to torsion about the primary backbones of the segments and the fact that the

orientation of the end disk depends only on the length of the secarg backbones

End-disk Orientation Error

This section reports the task space orientation error of a singlegsrent of the

continuum robot by validating its kinematics model. Ideally, the partiwlar structure
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Figure 111.10: Errors in the con guration of the rst segment

of the robot allows one to fully specify the orientation of the end diskf each contin-
uum segment with only two angles: con guration variables,, and . Theoretically
no rotation about the longitudinal axis of the initially straight segmerts is allowed
during assembly. However, deviations in our assembly caused thigst to a ect all

the orientations of the end disks by an additional rotation about te z-axis. This

additional twist is obtained as following

= atan(r »1;r11) (11.12)
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Figure I11.11: Errors in the con guration of the second segment

wherer,, designates elements,n of the rotation matrix R¢ * as de ned in (111.9).
Figure 111.15 shows an experimental evaluation of the roll error acting the third
segment. The segment is commanded to bend in a single CDoE,( while the second
CDoFis xedat ;=5 ;15, 25, 35, and 45 respectively. Figure 111.15 shows that in
an initial straight con guration ( |, =90 ) the end disk is twisted by approximately
-4 about the primary backbone due to assembly imperfection. The ge also shows

that the roll error is more a ected by changes in |, and s.
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Figure 111.12: Errors in the con guration of the third segment

Telemanipulation Architecture

Figure V1.3 shows the proposed telemanipulation architecture. Twoomputers
labeled asHost and Target are used for querying the master device and controlling
the robot. The two machines exchange information over a Local #a Network (LAN)
via User Datagram Protocol (UDP).

The telemanipulation is initiated by pressing a foot pedal switch dirett wired
to the target control machine. At this time, denoted byinit, the following entities

are saved for trajectory planning: slave position and orientatio?pgjave:init » °R siave:init
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Figure 111.13: External wrench disturbance setup. (a) a calibrabn weight is attached
to the end-e ector using a rope and a frictionless pulley. (b) the edinuum robot
with no load applied. (c) the continuum robot with the external load @plied.

and the master's stylus position and orientatiori“bpmaster;imt , mmeaste,;init . During
telemanipulation (pedal foot switch pressed) the change in positicand orientation
of the master's stylus,™pastercurrent @NA ™R astercurrent » 1S Mapped to the change
in position and orientation of slave's end-e ectorpgjave:current @Nd °R gjave:current » aS

shown in Figure I11.16.

Desired slave pose

The desired slave's end-e ector positioNPgjave.des and orientation °R gjave:ges are

de ned as:
Pdes = 0 pslave;init + OR mb mbpmaster;current mb pmaster;init (”l-13)
8
2 R slave;init R;r R master;des Rt; t00| frame
R des = (111.14)

>
: R;I-Rmaster;des RtRsIave;init ; base frame

where®R ;, is the rotation matrix between the master interface base frame drthe

robot base framefOg, the scalar is the telemanipulation scaling factor between
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Figure 111.14: Response of the controller to an external wrenchisturbance. (a) time
history of ,, ,, L,. (b)time history of ;, ,, and 3

stylus movement and gripper movement, and rotation matrixR, aligns the positive
z-direction of the robot's end-e ector with the positive z-directimm of the master's
stylus. The two rotation sequences in I11.14 allows to rotate the ehe ector frame in
world frame and tool frame respectively. During surgical teleopation it is preferable
the rst rotation sequence (tool frame) since the vision feedb&awill provide a close-
up of the slave's end e ector and the operator will unconsciously ssciate the rotation
of the robot's end-e ector to his/her own hand.

Algorithm 1 summarizes the steps required to compute the desiredge of the

robot's end-e ector once the initial and current pose of the mast manipulator and
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Figure 111.15: Roll error a ecting the orientation of the third segment as a function
of bending angle |,

the initial pose of the slave manipulator are obtained. Algorithm 1 is ecuted at
each time step. The initial poses, if telemanipulation is not interrupte (foot pedal
switch open) remain constant while the current pose is constantlypdated based on

encoder feedback.

Slave Tracking Error

The slave robot position tracking errorpe is given by

O pg, (111.15)

pe = 0 p4des
while the orientation tracking error in given by:
=cos 1 (81 Big+ x o+ €3 B3) (11.16)

when all three orientation degrees of freedom (roll, pitch, yaw) arcontrolled and by:

=cos (s &) (111.17)
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Figure I11.16: De nition of end-e ector coordinate system of thecontinuum arm (left)
and the Phantom Omni (right)

Algorithm 1 Compute Desired Pose

Input: P mastercurr  f Current master positiorg

Input: R mastercurr  f Current master orientationg

Input: P masterinit T INitial master positiong

Input: R masterinit T INitial master orientationg

Input: P siaveinit T INitial slave positiong

Input: R gaveinit fINitial slave orientationg

Input: R ; f Rotation matrix between the master'end-e ector and the robot'send-
e ectorg

p master;des — p master;curr p master;init

pslave;des = pslave;init + pmaster;des
Rmaster;des = R-rl;\aster;imt Rmaster;curr
if xed orientation then

Rslave:des = Rslavesinit
else
RsIave;des = pslave;init + pmaster;des
if rotation in tool frame then
Rslave;des = Rslave;init R'[TRmaster;des Rt
else
RsIave;des = RtTRmaster;des RtRsIave;init
end if
end if
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when only two orientation degrees of freedom (pitch, yaw) are cialled. Unit vectors
e and ey are the " column of the current and desired rotation matrix respectively.

Equation 111.17 may be used when telemanipulating under-actuateslystems like the

one proposed in [36].

Slave desired twist

Next, the desired end-e ector twist can be computed as follows:

> 3
Vi
tee= 9 & (11.18)
p
where
= Pe (111.19)
kpek

€1c €gt € €yt €3 €y

= _ _ 111.20
J€1c €1t €y  €ogt+ €3¢ €34 ( )
8
V, if KPek >
V= ’(“\j‘x - P P (111.21)
e R A
8
2 .
if —>
= e 0" ° (111.22)
) ( mz? o T)m L+ min If - 0

p is the smallest allowable position error, , is a scaling factor that de nes the radius
of position error beyond which the end-e ector moves at maximal lgar velocity Vinax ,

= kpek 5, oand , are de ned similarly to , and |, respectively, and = o
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Algorithm 2 Compute Desired Twist

Input
Input
Input
Input

. P qes fDesired end-e ector positiomy

: R 4es fDesired end-e ector orientatiorgy
: P curr fCurrent end-e ector positiong

. R wn fCurrent end-e ector orientationg

Input:  Vimax; Vmin; p; p fPOsition trajectory datag
Input: max, min, o, o 1QOrientation trajectory datag
Pe = Pdes Pecurr
M = kpek
Re = Reurr TRdes
if 5 DoF then
=cos (&3 &)
else
= COoSs 1 (élc éld + é2(: é2d + é3C é?’d)
end if

if isnan( ) then

=0 f Check if cos? returned real valueg

end if
if M p& o then

tees= 0 0 0 0 O 0 ' fGoal pose reachegl
else

N
r
if

= p.=M f Compute desired translational directiog

= @) @t 8 8y t+ &3 85 fCompute desired rotational axig
sum(r) then

r= 0 0 O ' fCheck if rotational axis is zero, i.e., no need to rotate

else

e
if

e

e
if

e

e

tdes = VhT FT

f=rgj@ gt & eyt &3 @34 f Normalize rotation axig

nd if

M> ,,then
V' = Viax
Ise

V=M (Vmax  Vmin)=( p( p 1)) + ( mein Vimax ) =( p 1)
nd if
> o then

- max

Ise
= ( max mn)=(o( o 1)+( o min max)=( o 1)

nd if
T

end if
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Redundancy Resolution

Once the desired twist of the end-e ector is obtained as in (111.18)the con gura-
tion space velocities and then the joint space velocities of the coniinmm manipulator
are computed.

In the case of full orientation control and a robot manipulator with6é DoF, the

con guration space velocities are given by:

- ‘]Z\rmtdes (”l-23)

where J¥,, is the robust pseudoinverse [70] of the robot Jacobian:

Jy :JT 1,

T
arm arm ‘J arm ‘J arm + I

(111.24)

, If properly chosen, allows the manipulator to get around singulariteeby damping
the inverse of the Jacobian without producing high joint speeds. @al strategies
have been proposed to compute and one of the most common ones is to tieto
the manipulability of the robot manipulator as in [70]. In the case of theontinuum
robots investigated in this work, a singularity occurs when any of # continuum

segments is straight, i.e. x = pi=2. Variable " is, therefore, de ned as:
= ! (111.25)

where and are scalars that de ne the robust inverse constant at singularitand
how quickly the damping is applied passed the safe bending anglerespectively.

In the case of redundant robots, Equation I11.23 becomes:
—_= Jgrmtdes-l- I \]grm \]arm —0 (”|26)
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where _ is a con guration space vector of velocities that can be used to awoplish

a secondary task] 2 R’ 7 is the identity matrix and

Wo=w I JaW T+ (111.27)

arm

matrix W 2 R’ 7 is a diagonal positive-de nite matrix of weights, and ( ) avoids
robot's singularities [70].
In the case of under-actuated robots, the desired con guratiospace velocity

vector is given by:

—des — Jge ee (111.28)
where
3= 30 Jedl+ "l 7 (111.29)
2 3
RT. 053
Jee= s 5 Os 1 g e £ 3 (111.30)
03 3 Ree
3
RT. 0; 3
tee= g5 Os g e £t goo: (111.31)
03 3 R

Equations (I11.35) and (I11.36) are respectively the Jacobian matx and the end-
e ector twist expressed in end-e ector frame without the angulavelocity component
about axis 2;. By doing so, any commanded twist about that axis is ignored by the

redundancy resolution and the continuum manipulator is controlled i» DoF.
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Figure 111.17: Control architecture of the surgical robotic systm.

Constrained Motion Control

Constrained Redundancy Resolution

The surgical slave is teleoperated using a Sensable Phantom Omndahe mas-
ter/slave trajectory planner presented in [6]. Once the desired tat of the slave's
end-e ector, tges, IS Obtained, the constrained con guration space velocitieS,—ges,
that approximate the desired motion are computed. As described Bection VI, the
surgical slave is only capable to control 3 translational DoFs and owotational DoFs
(point in space). Furthermore, when the rst segment is retractd inside the tubular
constraint, the controllable DoFs drops to 3 (2 rotational DoFs ah insertion along
the resectoscope). For these reasons, we de ned a primarykasd secondary task.
The primary task consists of controlling the two rotational DoFs (otations about R
and §o) and one translational DoF (along2,) while the secondary task consists of
controlling the remaining two translational DoF (along®, and ¥).

Designating tee and Je. as the end e ector twist and Jacobian in end-e ector

frame, one may describe the primary and secondary tasks by:

Js, —des = Spleer  Js; —des = Sstee (1.32)

whereJs, and Js, are de ned by selecting the corresponding task-speci ¢ rows dfé
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jacobian:

Js, = Spde; Js, = SeJee (111.33)

and selection matricesS, and Ss are given by:

2 3

00100 2
10000
Sy = 0001085=9 g (11.34)

01000
0 00O001

The end e ector twist and Jacobian are given by:

2 3
RO 05
Jee= lgs 0o, 3 ° £ Jarm (111.35)
03 3 RIT
3
RY" 05 3
tee: |5 5 05 1 2 T gtdes: (”|36)
0; 3 RY

The desired con guration space velocity is therefore given by:
—des= JESp+ | JEIS LS tee (1N.37)

and superscripty indicates pseudo-inverse. Equation (111.37) partitions the com-
manded twist, tee, into a primary task (de ned by selection matrix Sy) and a sec-
ondary task (de ned by selection matrixSs). Equations (111.35) and (I11.36) are
respectively the Jacobian matrix and the end-e ector twist exprgsed in end-e ector
frame without the angular velocity component about axis2;. By doing so, any
commanded twist about that axis is ignored by the redundancy rekdion and the

continuum manipulator is controlled in 5 DoF.

53



Virtual Fixture Design and Implementation

We now de ne two orthogonal spaces that partition the con guréion space into
a subspace of forbidden velocitielsvV g and a space of allowed velocitielsvV g. We can

therefore two projection matrices that project the con guraton space velocities of

[11.37 into forbidden and allowed velocities:
P=V(VTVYVT (111.38)

P=] P (111.39)

wherey denotes pseudo-inverse for the case whéreis (column) rank de cient. For
example, in the case of a tubular constraint, as the rst segmentfdhe continuum

manipulator retracts inside the resectoscope, negativeis the forbidden con guration

velocity and 'V is de ned as

V= 10000 °: (111.40)

The desired con guration space velocity is therefore given by:
“des = P —ges + KgPU (111.41)

whereu = f () is a signed con guration space distance of the actual con guation

curr 10 the one imposed by the virtual xture ¢y , and scalarky determines how
quickly the continuum manipulator is moved to the desired con gurabn. In the case
of tubular constraint, vector u and projection matricesP, P depend on the insertion

variable g along the tube.

The desired con gurations vector 45 is then obtained viaResolved Motion Rate
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[110]:

des= curr Tt Tdes (”I-42)

Once the desired con guration vector is obtained, using the kinertias relationship
presented in VI one can compute the desired joint space position be fed to the
actuation compensation subsystem.

The application of virtual xtures in the con guration space of the robot rather
than in the operational space allows for easy correction of the nat of any portion
of the continuum manipulator. The computation of projection maticesP, P and
vector u is shown in Algorithm 3. As the robot is commanded to retract inside #n
resectoscope, thes direction is de ned as forbidden andu depends on the following
safe bending angle:

kg k
1:safe — min +( 0 min) ?_nf : (”I-43)

Figure 111.17 shows the complete control architecture of the sgical continuum robot.
The desired pose is obtained from the master manipulator (Phanto@mni) at 125
Hz over the local area network. The telemanipulation tracking sulgstem generates
the desired task-space velocities according to the master-slavapras described in [6].
The redundancy resolution subsystem implements the algorithm deged in section
[l while the virtual xtures subsystems constructs and enfores the con guration
space virtual xtures as described in section Il and Algorithm 3. @ce the desired
con guration space velocities are obtained, the desired joint-spa positions are com-
puted via the close-form inverse position analysis of the continuumamipulator and

the model-based actuation compensation scheme of [114].

55



Algorithm 3  Virtual Fixture

Input: 15 1; 25 2;0ns
Input: 4} 4; 2 2; Gns
if gns Othen
Vv L, 0000"
P V(VTVPVT
P I P
if (dps < 0) & ( 1

min T quns k:Ll) then
U (mn+ okGusk=L; 1) 1 0 0 0 O '
else

u 0000O0"
end if

else

P=0

P=

u 0000O0TO0"
end if

“des

P —ges + KgPU
return

:des

Figure 111.18: The con gurations of a three-segment continuumabot are estimated

by a learning-based algorithm that interpolates a stereo featureedcriptor manifold
using using Radial Basis Functions (Reiter, Bajet al.).
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Conclusions

This Chapter presented algorithms for enhanced performance ofultisegment
continuum robots in con guration and operational space.

The Con guration Space Controller is tiered with model-based actusmn compen-
sation and low level control. This hierarchical structure allows for icreasing phase
lag, tracking performance, multi-segment coupling, and modeling certainties. Ex-
periments involved a three-segment continuum robot with magnetisensors placed
at the base, at the rst end disk, at the second end disk, and at # end-e ector.
Recently, Reiter, Bajo,et al. [80] presented algorithmic solutions for pose estimation
of multisegment continuum robots using vision feedback. Figure I8 shows the
experimental setup. These methods provide an alternative meaar fclosing the loop
in con guration space and use the CSC in hybrid systems with visionddback such
as the IREP.

The telemanipulation framework was tested on two dierent systesy and the
results will be presented in Chapter 6. Algorithms for computing thelesired pose
from the master input are proposed along with all the necessaryegts to compute
the desired joint-space control input. The telemanipulation archécture can be tiered
to the CSC in order to improve tracking performance and reduce l@manipulation
bandwidth.

The constrained motion control algorithm enforces virtual xtures in the con gu-
ration space of the continuum manipulator. The con guration spae allows to apply
constraints along the entire structure of the robot, often prodes smaller dimension-
ality. The algorithms proposed in this Chapter was evaluated on the BRP during
bladder surveillance and targeting. The method is fundamental faxtomplete cover-

age of the urinary bladder because the robot is required to bothtract inside the
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resectoscope and accomplish the desired targeting task. Expegints are presented

in Chapter 6.
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CHAPTER IV

CONTACT DETECTION AND ESTIMATION OF CONTACT
LOCATIONS

This Chapter presents algorithmic solutions for collision detection ahestimation
of contact location along multisegment continuum robots. In partiglar, two meth-
ods for collision detection and one method for estimation of contatbcations are
proposed. The rst method for collision detection is based on acttian force sens-
ing and the statics model of the continuum manipulator. This methods analog to
the one proposed by Matsumoto and Kosuge [68] but it has the aditage that only
uses the statics of the continuum structure. No numerical deriti@es are involved
and therefore, it is not a ected by numerical noise. The second ldsion detection
method is purely kinematics-based. A motion deviation that takes it account real
and theoretical position, orientation, linear and angular velocity okach segment is
proposed. This technique allows for problem decoupling and simultanes detection
at multiple segments. Finally, the proposed method for estimation @ontact location
uses the proposed motion deviation and the constrained kinematiocgdel presented

in the previous Chapter. This work was originally published in [5] and [6].

Force-Based Collision Detection

This section presents a strategy for collision detection for continm robots with
actuation sensing capabilities. Actuation sensing capability is possiblg placing a

load cell between theé™ actuator and the i backbone.
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Joint Force Deviation

When the continuum segment is not in contact with the environmentthe statics

relationship in (V.30) reduces to:

J =ru (IV.1)

O K

Once contact at any arbitrary location along the segment occurs, joint force devia-

tion can be de ned as:

= r v J—qu e T ru J(]l—k e > jfd (|V2)

where jiq is a predetermined contact detection threshold and, is the force vector

measured by the load cells.

Contact Detectability

Ideally, for perfect load cells and a perfect robot, contact detgon threshold g
would be zero and the system would be able to sense any contact. wewer, in a
real situation there is a lower bound for the thresholdjq below which no contact is
detectable. If friction forces ¢, are taken into account, the sensed forces:. might

be related to the actual backbone forces as:

= I i =@ ") ke (IV.3)

where" designates the relative error in the load cell measurements suclath ¢; =

ic. Using (1V.3), (IV.2) can be rewritten as:

c= ru Jg (@ ") e ru Jg @ ") ke (IV.4)
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For a calibrated system (i.e.J! | =r U), (IV.4) becomes:

O K

c="% g ngk s (IV.5)

Equation (IV.5) provide a relationship between the minimum thresholdhat allows
contact detection, amount of friction in the system, kinematics de#gn (Jacobian ma-
trix Jq , includes radiusr of the pitch circle on which the secondary backbone are

equally distributed), and bending angle .

Experimental Results

Preliminary experiments have been conducted on a the two-segrhe@ontinuum
robot of Figure 1.2(a). The second segment was bent according tioe desired tra-
jectory of Figure IV.1(b). In particular, the second segment wasommanded twice
to bend to desired con guration , =45 ; =0. During the rst motion no contact
is applied and the collision detection residual shows two error peaks during tran-
sition and a steady state error of approximately 2.4 N. The transitio error is due
to unmodelled dynamic friction e ect. The steady state error is du¢o unmodeled
static friction e ect. The segment is then straightened and bent gain to the desired
con guration. During this second motion a contact is applied at the escond segment.
The second half of graph 1V.1(b) shows how the collision detectionsidual is ap-
preciably bigger than the rst half of trajectory (no contact apgied). The residual
error is approximately 5.1 N. This discrepancy allows for detecting lisions using
joint force information.

Additional experiments are reported in Figure 1V.1(c) where the s®nd segment is
bentto ,=45; =0 and underwent apoking phaseln particular, the entire robot
was poked repeatedly to demonstrate the ability of the algorithm tdetect collisions

while at rest. The gure shows that after the interaction is ended gpproximately
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(a) Desired trajectory of the second segment

(b) Collision detection during motion

(c) Collision detection at rest

Figure IV.1: Force-based collision detection experiments using a tgegment con-
tinuum robot equipped with load cells. Dierence in (a) with and without contact
during a pre-determined motion (b).
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t = 40s) the friction has built up into the system and the residual error dog not
return back to the initial value (4N betweent = 20 and t = 25).
Future experiments experiments will investigate the detection ofodlision in more

realistic scenarios such as minimally invasive surgery of the throat@wof the bladder.

Kinematics-Based Collision Detection

This section presents a kinematics-based collision detection for asyngle and
multisegment continuum robot. The collision detection strategy is sed on a motion
deviation that captures the di erence between the true motion othe robot obtained
from extrinsic sensors and the theoretical kinematics model oféhrobot. The algo-
rithm computes the motion deviation for each section of the robot ihocal frames
attached at the base of each continuum segment. This strategylaavs for segment

decoupling and for the detection of individual contacts acting on derent segments.

Screw Motion Deviation

This section de nes a motion deviation using screw theory. In the flowing, the
mathematical entities that constitute the instantaneous screw fomotion of a rigid
body are summarized from [3, 11]. As a consequence of Chasles'srégra [11], the
instantaneous motion of a rigid body is fully described by thPlscker line coordinates
[11] of the Instantaneous Screw Axis (ISA) and the screw pitch. hlis, the following

three entities describe the motion of end disk with respect to local base framéBg:

| by
T gk =h ng=b<

b
k! Ok =hx k?

be 1 X
+ pgk Took=h

rg = (|V6)

1B
N = — 9 (IV.7)

- b
k! O =hx K
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nt oy b1 I
_ Tk Vge=he * By 9 =hx
= SR (IV.8)
b ogk=h

where vectorry locates the closest point on the screw axis relative to the origifix
is the unit vector along the axis, and  is the screw pitch.

Note that the general case of rigid body motion, (IV.6), (IV.7), ad (IV.8) are
ill-de ned when k! 3ﬁ=b‘ k = 0. The screw axis lies along the direction of translational
velocity and ¢ = 0. However, because of the constrained bending shape of contin
uum robots,vé"kzb‘ and! g‘k:bK always vanish simultaneously. This means that during
motion k! gKkk is never equal to zero and the special case can be excluded.

A better way to compute vectorry is given by the following least-square approx-
imation [3]:

re= AV (IV.9)

where superscripty indicates the left pseudo-inverse and

= T b T
A O =h ! O =h (IV.10)
T
b= 4Pl V3 O (V.11)

S B B N k>, and | is the 3 3 identity matrix.
Using (IV.7) and (IV.9) one obtains theaxodeof motion [10] associated with the
motion of the k" end disk. As a consequence of a collision, the axode of motion
suddenly shifts as shown in Fig. IV.2. The gure shows the abrupt gabetween
pre-contact ISAs and post-contact ISAs when applying the constraint at the third
SD. The constrained portion of the segment remains xed while thengonstrained

portion bends as a shorter segment with nominal lengthy . The concept of screw

motion deviation is also shown in Figures 1V.3 and 1V.4 where the axodéd motion
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obtained by experimental data is compared to its counterpart basl on theoretical
kinematics. Figure 1V.3 shows a sequence of images depicting a camtim segment
in free motion. The true axode of motion (magenta), after initial nse due to low
twist magnitude, converges to the theoretical axode of motion fgen). On the other
hand, Figure IV.4 shows the motion deviation due to a contact actingt the third

disk of the continuum segment. The true axode of motion (magentaeviates from

the theoretical one (green) shifting toward the end disk of the otinuum segment.

Figure 1V.2: The group of ISAs after the contact is appreciably shiéd toward the
ED of the segment because of the smaller radius of curvature ofetlunconstrained
portion of the segment. The closer the disk in contact is to the endgk, the closer
the post-contact ISAs will be to the end disk.

Various approaches can be used to quantify the di erence betweéno in nites-
imally separated screws. Since the screw axis is essentially a line, onssible way
is to use a Riemannian metric as described in [120]. For spatial motiornet natural
generalization of the curve of centrodes used in [5] is given by whatelled thestric-
tion curve [77]. An approximation of the striction curve is obtained by concateating
the closest points between in nitesimally separated screw axes. @$e pairs of points

are obtained by the intersection of two consecutive screw axesdatheir common
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Figure IV.3: Comparison between the theoretical axode of motiog(een) and the real
one (magenta) obtained by extrinsic sensory information when nmwtact is applied
to the continuum segment.

normal. The striction curve was used in [112] to classify knee pathgies. However,
the striction curve is ill-de ned when the CS bends in a xed plane. Indct, during

planar motion, the ISA's are all perpendicular to the bending plane a@hthere are
in nite pairs of points that de ne the minimum distance between the xes. In this

case, the striction curve is no other than the curve of centrodesed in [5]. In order
to eliminate this special case and decrease computation e ort, wevestigate the use
of a Cartesian metric between the closest points from the origin ohé expected ISA
based on the kinematics model and on the sensed ISA as obtainezhfran extrinsic
sensor.

Although it could be possible to detect a motion discrepancy betwedhe theo-

retical and actual kinematics by separately monitoring position deation, orientation
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Figure IV.4: Comparison between the theoretical axode of motiog(een) and the real
one (magenta) obtained by extrinsic sensory information when amact is applied
to the continuum segment.

deviation, and twist deviation, it would not be possible to nd a single meic with
homogeneous units.

Assume that an extrinsic sensor provides the positiqm‘é‘k’ and orientation R‘é‘k’ of
the ED of each segment with respect to a world reference frarh&/g. Without loss
of generality, we assume that Wg is aligned with f B;g. The relative position and

orientation of the k™ ED with respect to the previous one is given by

Pa = RW ' Pg Py, (IV.12)
R¥ 1= RX =Ry "R (IV.13)

where all entities market with a bar (i.e. p) are based on sensor measurements.
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Figure 1V.5: Comparison of the ISA's for a perfect sensor (a) anaif a noisy sensor
(b). The dashed ISA's indicates that the magnitude of the angularelocity is smaller
than 0.1 rad/s

Equations (1V.12) and (IV.13) provide the decoupled motion of eachkegment. Using
the constrained kinematic model in (11.29) and (11.30) with = 0 (i.e. no contact) the
theoretical relative position pgKk( k = 0) and orientation Rgﬂk( k = 0) are obtained.
The theoretical linear and angular velocitieS/g‘ksz and ! g‘ksz are obtained using
(1.31) and (I1.36) respectively. On the other hand, the sensed lear and angular

velocitiesv™__and ! *_ are obtained by numerical di erentiation of respectively

Ok =hx Ok =hx
(IV.12) and (IV.13) along with the de nition of angular velocity. These theoretical
and sensed relative poses and velocities are used to de ne the foifmwScrew Motion
Deviation (SMD):

k=kre( «k=0) rik (IV.14)

wherery is calculated using (I1V.6).
The use of relative motion data for x decouples the SMD's and provides the basis
for collision detection and estimation of contact location along any gment of the

continuum robot independently.
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Collision detection

Ideally, for a perfect robot, a perfect controller, and a perfecdensor, one would
obtain ¢ = 0. However, because of uncertainties due to kinematic model apgima-
tions, an uncalibrated robot, extension of the actuation lines, ansensor noise, , will
be bounded by a certain distance threshold, during unconstrained motion. Collision
is therefore independently detected for any segment whep > | for k =1;2;::;n.

In the case of electromagnetic tracking devices, threshold is time, position,
and velocity dependent because the accuracy varies dependingtlo® workspace and
the proximity to ferro-magnetic and conductive metals. Although itis possible to
improve the accuracy of these devices by recalibrating the device B5], we can
assume that non-static ferro-magnetic objects are present ime proximity of the
robot. Furthermore, if a low-order di erence method is used foricerentiating (1V.12)
and (IV.13) with respect to time, low velocities amplify the noise compents [121]
and increase the variance of the SMD. For this reason the algorithneeds to lter
out false positive due to noise ratio when! Zisz <  where  is a threshold with
units of rad=s.

This phenomenon is reproduced in simulation and shown in Fig. 1V.5. FigV.5a
shows an unconstrained CS following a quintic polynomial trajectorny con guration
space with its compact axode of motion (i.e. the group of in nitesimallyseparated
ISA's). The dashed ISA's are associated with! tg"k:bK < . Since the motion
is generated with a quintic polynomial, the dashed ISA's are associdtavith the
beginning and the end of the motion. Figure IV.5b shows the CS follovgrthe same
trajectory but the position and twist of its ED are perturbed with white Gaussian
noise. When the magnitude of the noise is comparable to the magnitidf the linear

and angular velocities, the screw of motion obtained with (1V.7) andl{.9) loses any

physical signi cance.
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If a sensor with resolution”s [rad] collects data with frequencyfs [Hz], then the

value of  must meet the following constraint for trustworthy velocity meastements:
k> " sfs (IV.15)

where > 1 (ideally 2 or 3). The threshold value \ is proportional to sensor resolu-
tion " and sample frequencys and de nes the lowest angular velocity of each end disk
under which no contact can be reliably detected. There are two wayo reduce the
critical angular velocity magnitude : increase sensor resolution or decrease sampling
frequency. Although the latter solution also decreases thresholgq, it also degrades
the responsiveness of the collision detection algorithm by introdugnlag into the
system. However, since the minimal and maximal allowable twist is gea#ly known
once a task is de ned, threshold can be tuned accordingly.
Thus, we de ne the following binary function
8
2 4 S

F= Kook (IV.16)

0 k k

Once > ¢and ! g‘k:bK > |, collision is detected when

teXQ
F()= Q (IvV.17)

t=tc

wheret, is the rstinstant in which |, > , . is time step constant of the contact
detection algorithm, andQ is the width of the collision detection window that allows
to Iter out false positives.

The collision detection strategy is described in Algorithm 4. Its inputsare: the

nominal length of the segmentLy, the closest point from the origin on the sensed
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ISA, r¢(t), the commanded con guration space orientation, (t), its time derivative,
—(t), a counter variablec, ;, a binary variable d; ;, and the time step . The
algorithm initializes the contact arc-length ¢ = 0 so that the unconstrained model of
the CS is used. Thus, it checks if the magnitude of the angular velogiis high enough
to have meaningful sensor data. If this is the case, the motion résal is obtained
using (11.29, (11.32), (11.37), (11.31), (11.36), and (IV.9). Next , it checks for > .
In the case of detection, the algorithm checks if the collision detésh window was
previously started. If so, the counter variables, ; is incremented and used for future

iterations. When the condition in (IV.17) is met, collision is detected.

Experimental Results

This section presents experiments of single-contact collision deten, multi-contact
collision detection, collision detection repeatability, and estimation otontact lo-
cation. In all experiments, the robot of Figure 1V.9 was commandeffom start-

T

ing conguraton (= 72 0 72 0 72 45 to nal conguration ; =

45 45 45 45 45 45 using a quintic polynomial trajectory with zero
initial and nal velocity, zero initial and nal acceleration, and accanplishment time

of ve seconds in con guration space.

Single-Contact Collision Detection

The rst set of experiments demonstrate the ability of the collision dtection
algorithm to detect a single collision acting along the continuum robot. Results
are presented in Figures. V.6, IV.7, and IV.8. The vertical lines lalhed detection
enabledand detection disableddesignate beginning and end of the the portion of the
motion with the angular velocity magnitudes bigger than = 0:1rad=s as described

in Algorithm 1.
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Algorithm 4 Collision detection

Input:
Input:
Input:
Input:
Input:
Input:
Input:
k=0

. | b
if T gk =h

P
Jv

Mk

L, flength of k" segmenty
(t) fcommanded con guration spacg
—(t) fcommanded con guration space velocity
re(t) fpoint from the origin on sensed IS4
¢ ftime stepg
¢ 1 fcounter variabley
d; ; fcollision detection ag att g

> | then

equation (11.2) f position of grippeig
equation (11.11) f translational Jacobiarg
equation (11.14) f rotational Jacobiang

n Jv —g(t) flinear velocityg

J,  —4(t) fangular velocityg
equation (IV.9) f point on expected ISA

k(t) = kr  re(t)k f SMDg

if
C
if

k> k then

=c1+1
d 1==1 then
if ¢ >= Q then
return 1 fCollision detected
end if

else

d; = 1 fstart detection windowg

end if

else

C

:0, dtZO

return 0 fNo collisiorg

end
else

if

G = 0, dt =0
return 0 fNo Collisiong

end if
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First, the rst segment of the continuum robot is constrained duing the motion.
The time histories of SMD's 1, 5, and 3 as dened in IV.14 are presented in
Figure IV.6. The SMD of the rst segment (Fig. 7a) rises above thehreshold
at approximatively t = 15s. After a detection window of half second, collision is
successfully triggered. The SMD's associated with the second artdrd segments
(Figures 1V.6b and IV.6c respectively) are not a ected by the corigaint.

Secondly, the second segment of the continuum robot is constrathduring the
motion. The time histories of SMD's ;, ,, and 3 are presented in Figure IV.7.
Collision is detected at the second segment (Fig. IV.7b) at approxirtigely t =
14:9s after a collision detection window of half second. The SMD; associated with
the rst segment is also a ected by the contact and rises above éthreshold at
approximatively t = 14:8s. This delay is due to the compliance of the segments and
allows to distinguish between single and multiple collisions as shown later this
section. Also in this case, the SMD 3 associated with the third segment remain
una ected.

Thirdly, the third segment of the continuum robot is constrained dung the mo-
tion. The time histories of SMD's ;, ,, and 3 are presented in Figure IV.8.
Collision is detected at the third segment at = 14:95s (Figure 9c). Similar to the
previous case the two proximal segment are also a ected by thentact as shown by
their respective SMD's (Figures IV.8a and 1V.8b).

These experiments are shown in Figure Figure:Collision:Detection:Expeamnts.
The picture sequence demonstrate the ability of the collision detesh algorithm to
successfully detect collisions with a soft constraint and other cantum arms. This
capability is of primary importance when the algorithm is implemented orsurgical

continuum robots and surgical robotic systems with continuum end ectors [29]. The
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collision detection algorithm would be able to prevent inadvertent trama to delicate

surrounding tissues by triggering a reaction strategy as in [23].

Multi-Contact Collision Detection

The second set of experiments demonstrate the ability of the collisialetection
algorithm to detect multiple collisions. We assume that the constraistact on di er-
ent segments of the robot and that in the case of a two-contacblision, the proximal
segment collides rst. This is possible by using one of the reaction ategies pro-
posed in [23]: once the collision is detected, the motion of the constred segments is
stopped while the unconstrained segments continue the pre-plathtrajectory. Fig-
ure 1V.10 shows the time histories of the SMD's4, 5, and 3. Collision with the
rst segment is detected at approximatelyt = 14:2s (Figure 1V.10a). The detection
window is initiated immediately after the collision detection is enabled. Clesion at
the second segment is detected at approximatety= 15s (Figure 1V.10b). The main
di erence between Figure 1V.10 and Figure IV.7 is the order in which diisions are
detected. In Figure 1V.7 collision is rst detected at the second segent and then at
the rst segment. On the other hand, in Figure 1V.10 collision is rst cetected at the
rst segment and then at the second segment. The order in whicthé collisions are
detected allows for discerning between a single contact acting atetlsecond segment
and multiple contacts acting at the rst and second segment. Similér to the previ-
ous case studies, the SMD associated with the third segment is not@ed and no
collision is detected (Figure IV.8c).

Figure IV.11 shows the multi-segment continuum robot detecting nitiple colli-

sions acting at multiple segments and on the entire exible structure
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Figure IV.6: Constraint acting at the rst segment. (a) time history of 4, (b) time
history of ,, (c) time history of 3.
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Figure IV.7: Constraint acting at the second segment. (a) time histy of 4, (b)
time history of », (c) time history of .
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Figure 1V.8: Constraint acting at the third segment. (a) time history of 4, (b) time
history of ,, (c) time history of 3.
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(a) Collision detected at the rst segment

(b) Collision detected at the second segment

(c) Collision detected at the third segment

(d) Collision detected with another continuum arm

Figure 1V.9: Collision detection experiments using a three-segmentrdinuum robot
equipped with magnetic sensors. (a) Constraint acting a the rstegment. (b)
Constraint acting at the second segment. (c) Constraint actingtdhe third segment.
(d) Collision with another exible arm.
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Figure IV.10: Detection of multiple collisions: (a) time history of 1, (b) time history
of 5, (c) time history of 3
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(a) Collision detected at the rst segment

(b) Collision detected at the second segment

Figure IV.11: Multiple collision detection experiments using a three-genent contin-
uum robot equipped with magnetic sensors. (a) Dual collision detéoh with detected
at the rst and second segment. (b) Total constraint acting at d segment simulta-
neously.

Repeatability of Collision Detection

Additional experiments were conducted to quantify the repeatality of the col-
lision detection algorithm. The second segment of the continuum robimpacted a
static, rigid object ten times. The constraining object is a carbonber tube covered
with silicon material to increase friction at the contact point and redce slippage. The
time history of the SMD , for all ten trials is shown in Figure IV.12. The instant of

collision varies by only 0.07s demonstrating a very high repeatability.

Kinematic-Based Estimation of Contact Location

For an n-segment continuum robot, the collision detection algorithm presesd in
the previous section already identi es which segments are constrad by the envi-

ronment. We therefore propose a second algorithm that narrowd®wn the estimation
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Figure IV.12: Repeatability analysis of contact detection. Time histy of

2

Algorithm 5 Estimation of Contact Location

Input:
Input:
Input:
Input:
Input:
Input:
Input:
Input:

for

L flength of k™ segmenty
N fnumber of diskg
¢ ftime stepg
t. finstant of contactg
t; fend of detection windowg

k=0:L=N:Lgdo

pgi equation (11.26) f compute position ofCyg
REE equation (11.27) f compute orientation ofCyg

k

equation (11.28) f compute angle at contact locatiog

fort=1t.: (:t; do

pgﬂk equation (11.29) f position of grippemg
Jv equation (11.32) f translational Jacobiarg

J equation (11.37) f rotational Jacobiang
Ve Jv —a(te) flinear velocityg
o, 3 —(t) fangular velocityg

r« equation (IV.9) f closest point on expected IS4
k(t) = kr  re(t)k fSMDg

end for P

k

end

ﬁ k Kk ot f median of the SMD'g

for

return with smallest ~
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of contact location at the segment level. The main assumption is thaimmediately
after collision, the constrained segment behaves according towsption A2 of Chap-
ter 2. This assumption was experimentally veri ed in [5] for a single segent with a
xed base during planar motion. In the case of multiple segments thisssumption is
still valid if the sti ness of two subsequent segments is comparabl&.he sti ness of
constrained segmenk + 1 needs to be high enough to prevent the motion of segments
k = 1;:;k. This assumption is experimentally evaluated in this work where the al-
gorithm is used with a three-segment continuum robot in which the dial segment is
very compliant. Results show that the estimation of the location athe third segment
is less e ective because assumptions Al and A2 are violated.

The estimation method is described in Algorithm 5. InpulN is the parameter that
de nes the level of discretization for the estimation. In the casefdhe continuum
robot used in this work the contact is most likely to occur at any of tB SD that
are placedLy=N apart from each other. Input  is the time step associated with
the extrinsic sensor. Inputst, and t; are the rst and last instants of the detection
window initiated by Algorithm 4. Inputs (t; : t;) and r¢(t. : t;) are respectively
the the desired con guration space trajectory and the time histty of closest point on
the sensed ISA. Once the algorithm is initialized, the algorithm collecthe SMD's
associated with each guesseq and nds the arithmetic mean of the SMD for instants
of time included into the detection window. The method nally returnsthe contact
arc-length  associated with the smallest SMD.

The accuracy of the estimation of contact location algorithm not dg depends
on the modeling arguments described in Chapter 2 but it is also a edaeby the dis-
cretization parameterN. The smaller this value is the ner the minimization problem
is. For the robot used in this work,N is equal to the number of spacer disks. This

means that the algorithm will only return the disk at which the contat is most likely
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to occur. Contacts in between two adjacent spacer disks will besaxiated with one

of the two disks. This phenomenon will be shown in remainder of thiscmn.

Experimental Results

The last set of experiments evaluates the performance of theiesttion algorithm.
Each experiment is repeated ve times and the obstacle is adjustéd constrain one
of the spacer disks of the continuum robot. However, becausetloé small size of the
robot, contact can occur at any location along the disk's height.

Results are reported in Tables IV.1, IV.2, and IV.3. Columnd; indicates which
disk is impacted and columnTl indicates the experiment trial number. The remaining
eight columnsdp; :::; d; report the arithmetic average of the SMD associated with
each guessed constrained disk locations as described in Algorithmrbparticular, do
represents the base disk (i.e. no contact) ard} represents the end disk (i.e. segment
completely constrained). In each row, the entry associated withhé smallest SMD is
highlighted in gray.

Experimental results of the estimation of contact location on thenoximal segment
of the continuum robot are presented in Table IV.1. Very small SMD'dor two
consecutive disks (3.64 mm apart from each other) are reportedhis discrepancy
in estimating the location of contact corresponds to a worst-caseenario error of at
most the height of two SD's and the space between two adjacent kiss The sources of
uncertainty and the possible slippage of the robot with respect tde rod indicate that
the error in estimating the contact location within one disk error is inded expected.

Experimental results of the estimation of contact location on theezond segment
of the continuum robot are presented in Table IV.2. The successtesof the algorithm
is appreciably higher than the previous case study. The improventds due to better

noise/signal ratio and a smaller collision threshold as shown in Figure¥.Fa and
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IV.7b. The third disk is successfully identi ed four out of ve times ard the fourth
disk is successfully identi ed ve out of ve times . In the case of thesecond and fth
disks, the algorithm reports a very small deviation between conséive disks 1,2 and
5,6.

Experimental results of the estimation of contact location on theezond segment of
the continuum robot are presented in Table IV.3. The performancef the estimation
algorithm appear to be more problematic because Assumption A2 is lated as shown
Figure IV.13. The lower sti ness of the third continuum segment radts in dramatic
deformation of the segment invalidating the constrained kinematic adel presented

in Chapter 2.

Table IV.1: Contact estimation along the rst segment. Units of mm

di[|[T| do | di | dp|ds|ds]| ds | des | o7
1|192]|60|34|36|6.3| 9.6 | 13.0] 16.5
77| 47 |13.04.7|7.8|11.1|14.6| 18.0
98| 64 |35]29|54| 8.7 |12.2]| 15.7
98| 66 |41]/39|6.2| 94 |12.7|16.1
104| 71 (423.2|53| 84 |11.8| 152

11.7) 84 |[56(4.1|52| 7.9 |11.1|145
119| 87 |6.0/45|54| 8.0 |11.0| 144
11.7) 86 [ 6.0{4.6|5.7| 83 |11.4|14.7
11.7) 85 |5.7|4.7/52| 79 | 111|144
113} 81 (52| 3.7|51| 7.9 |11.2| 146

146|11.3{8.2(54(38| 50| 7.7 | 10.8
15.0|116(83(53|3.1| 40| 6.9 |10.1
156(124/9.2|63|43| 47| 7.0 |10.0
16.21129(9.7|7.1|53| 54 | 74 |10.2
156(125(9.7|75|64| 7.1 | 9.1 |11.8

OB WNR|OORRWONR|IOWDN
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Table IV.2: Contact estimation along the second segment. Units ofrm

di[T| do | di | dp | d3 | dy | ds | ds | o
1| 70| 58| 63| 84 |11.0|14.1|17.2|204
59| 47| 57|81 |111,143|17.6| 20.9
63| 45| 50| 74 |104|13.7|17.0| 204
78| 65| 6.7 | 84 |10.9|13.8|16.9| 20.0
6.1 39| 41| 6.7 | 9.8 |13.1|16.5|19.9

11.8| 10.4| 9.9 | 10.5|12.0| 14.0| 16.5| 19.3
13.1}11.2|10.0| 9.7 | 10.6| 12.3| 14.6| 17.2
13.2111.3/10.1| 9.9 | 10.7| 12.3| 14.7| 17.3
13.0/11.0) 96 | 9.2 | 10.0| 11.7| 14.1| 16.8
13111111 98 | 95|104|12.1| 144|171

18.1| 15.8| 13.8| 12.4| 11.7| 11.9| 13.0| 14.8
179|154 13.3|11.8| 109| 11.1| 12.2| 14.0
176|152 13.2| 11.7| 11.1| 11.4| 12.6| 14.4
18.7]116.3| 14.2| 12.6| 11.6| 11.6| 12.4| 14.0
17.8]15.2| 13.2| 11.6| 109| 11.1| 12.2| 141

20.3117.113.9|10.7| 7.8 | 56 | 51| 6.7
22.2119.2]116.4|13.7| 114 9.7 | 9.0 | 95
21.6|18.7|16.0| 13.5| 11.4| 10.0| 9.6 | 104
22.0/19.0| 16.3| 13.7| 11.5| 10.0| 9.5 | 10.1
21.0| 18.1}15.3|12.7|10.5| 9.1 | 89 | 99

OO WNRORRWONR|IOORRWDNROMWDN

Conclusions

Preliminary results have been presented to validate the theory arfdasibility im-
plementation of both algorithms for collision detection along multisegent continuum

robots.

Figure IV.13: E ects on shape deviation when assumption A2 is violate
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Table IV.3: Contact estimation along the third segment. Units of mm

di [T d | d | dp |ds| dy | ds | ds | o
1] 76|51 3848 73[10.1]13.2]16.2
87| 73| 7.0|8.1|10.0|125|15.2| 18.0
51| 34| 42|6.7| 9.7 | 12.7| 15.8| 18.9
53| 44| 55|7.9|10.7| 13.6| 16.6| 19.7
72| 67| 74]93|11.7|14.4|17.2| 20.1

122 94 | 69 |51| 49| 6.6 | 9.0 | 11.8
15.7113.2,109|/9.0] 80 | 81| 9.2 | 111
14.8|12.6| 10.7|9.4| 9.0 | 9.6 | 11.0| 13.0
1531124 96 |70 5.2 | 50| 65| 8.9
151|126 93 64| 58| 6.2 | 7.1 |11.2

12.0| 10.2| 9.1 | 9.0] 9.8 | 11.4| 13.6]| 16.0
145|118, 93|72 60| 6.3 | 7.9 | 10.3
12.6]10.7| 95 |9.0] 9.5 |10.9| 129]| 15.2
136109 86 |69 6.3 | 7.1 | 9.0 | 114
116| 96 | 76 |6.8| 7.3 | 89 | 11.1| 13.6

OB WONRORRWNRIODMWDN

The JFD-based algorithm was tested on a single segment continuuobiot without
proper estimation of Young's modulus and friction. Although the expriments were
conducted with an uncalibrated robot, results show the potentiabf this algorithm in
detecting collisions. Goldmaret al. used the idea behind the JFD-based algorithm
to trigger compliant motion control and proposed the use of a suppt vector ma-
chine to estimate non-linear friction e ects along the actuation lines The authors
demonstrated that even without a model for friction, it is possibled compensate for
uncertainties and, therefore, accurately tune the collision deteon threshold. This
algorithm can be straightforwardly implemented on surgical contirum robots with
actuation force sensing such as the system presented in [36]. Itufe investigations,
the aforementioned system will be equipped with the JFD-based coitia detection
and use in surgical scenarios will be demonstrated. In particulahe JFD-based algo-
rithm will be used to construct virtual xtures in real-time without a priori knowledge

of the environment ensuring safety during telemanipulation.
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The SMD-base algorithm is able to detect multiple collision along multiple ge
ments. Experiments demonstrated the ability of the algorithm to gese collision with
soft environments and other continuum arms. The SMD-based algihhm has also
been integrated with a constrained Kalman lter in [101] for the regisation of con-
tinuum surgical robots to compliant environments. The constrairgt Kalman lter
uses only meaningful data provided by the collision detection algorithh This strat-
egy can also be applied to blind exploration of environment in extremeditions
where vision and other sensory information are not available. Theltsion detection
algorithm my be integrated with a search strategy in order to e cietly explore a
portion of the robot workspace.

The kinematics-based estimation algorithm uses a simpli es constrad model
in which the base of the segment is assumed xed or quasi static. Atiugh proper
lter need to be applied to the magnetic tracker data, experimentsdlemonstrated
that when the requirements in term of sti ness of two consecutiveegments are met,
the estimation algorithm is able to estimate contact better than 20%f the segment

length.
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CHAPTER V

HYBRID MOTION/FORCE CONTROL OF MULTI-BACKBONE
CONTINUUM ROBOTS

This section presents a general framework for hybrid motion/fae control of con-
tinuum robots. We assume that the kinematic model is known and thidhe robot is
equipped with a device for measuring or estimating environmental itaction forces.
This information can be provided by a dedicated miniature multi-axis fice sensor
placed at the tip of the robot or by an intrinsic wrench estimator of he types de-
scribed in [115, 86, 107]. In this work, a multi-backbone continuum ot with in-
trinsic wrench estimation capabilities is used to demonstrate the hyid motion/force
control framework. The following assumptions speci cally apply to miti-backbone
continuum robots with intrinsic force sensing. Dierent assumptios are necessary

for di erent types of robots but the fundamental control framework remain invariant.

Assumption 1  The continuum robot bends in a circular shape and gravitational
forces are negligible. These assumptions were veried in [115] andgfLfor small

robots such as the one used in this work.

Assumption 2 The continuum robot is able to sense actuation forces via load cells
placed between each actuation line and its actuator. Examples oftaation units

with force sensing capabilities are provided in [115] and [35].

Assumption 3  The geometric constraint is known and the environment is rigid.
This information is used for both the hybrid motion/force controllerand the intrinsic

wrench estimation. However, because of the innate compliance ohttnuum robots
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and as demonstrated by experimental results, an exact knowletlgf the geometric
constraint is not necessary.

Figure V.1 shows the classical hybrid motion/force controller for rig-link robot
manipulators as proposed in [56]. Motion and force controllers proedwo separate
control signals that are rst projected into allowable motion and foce directions
(using projection matrices and ) and then merged into the joint-space of the
manipulator. Motion commands are rst transformed into task-spce wrenches using
the inverse of the inertia matrix B the and then into joint-torque commands using
the transpose of the Jacobian matrixJ. The desired joint-torque vector is then
added to the feedback linearization term that compensates for ndinearities (e.g.
coriolis/centrifugal and gravitational e ects) and fed to the joirt-space PID controller.

Figure V.2 shows the proposed hybrid motion/force controller for oiti-backbone
continuum robots with intrinsic force sensing. As in the classic arclatture in Figure
V.1, two separate controllers produce motion and force commandsat are then
projected into allowable motion/force directions using projection @rices and
Hence, the motion and force commands are projected into the cguaration space
velocity of the continuum manipulator using respectively the inversef the Jacobian
matrix J; and a composition of the transpose of the matrid; and the con guration
space compliance matriX ®. The con guration space compliance matrix provides a
mapping between the change in task-space wrenches and the gem con guration
space velocities. Finally, using the closed-form inverse position ofetmanipulator,
the theoretical desired joint-space positiongges are obtained. Similar to the feedback
linearization term in Figure V.1, an additional term is obtained throughthe statics of
the continuum manipulator and the sti ness of the actuation lines. Tis term include
both an actuation compensation term for the applied wrench at thép of the robot

and a compensation term for extension and friction in the actuatiohnes.
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Figure V.1: Classic hybrid motion/force control of rigid-link industrid manipulators
[56]. and are projection matrices,J is the Jacobian matrix of the manipulator,
B is the inertia matrix of the manipulator, 4 IS the joint torques vector that
accomplishes the desired motion and force tasks, aNdes is the joint torque vector
that includes the feedback linearization term.

In the reminder of this chapter, the foundations of hybrid motionforce control are
summarized and the proposed adaptation for continuum robots isgsented, analyzed,

and evaluated.

Control Architecture

A First-order Model of Contact

Hybrid motion/force control aims at controlling the interaction of two rigid bod-
ies by decoupling control inputs into allowablerelative motions and constraining
wrenches. The control inputs are speci cally generated to maintain contacbetween
the two bodies by simultaneously generating motion directions thatadnot break the
contact state and apply the desired interaction wrench. For exaple, in the case of

frictionless point contact (see Figure V.3), body 1 can translate alg axesx andy,

IHere we adopt the notation of axis coordinates for motion screwsT =[v{;! T]" wherevg is
the linear velocity and ! is the angular velocity. We also adopt the ray coordinate represerdtion
for wrenches F =[f";mT]" wheref is a force vector andM is a moment.
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Figure V.2: Proposed hybrid motion/force control of multi-backb@e continuum
robots with intrinsic force sensing. and  are projection matrices,Jy is the
Jacobian matrix, K is the con guration-space sti ness matrix, is the con guration
space vectorK , is the joint-space sti ness matrix.

rotate about axesx} ¥, and 2, and apply a force along axizNi.e. the normal vector
between body 1 and body 2.

Regardless of the type of contact, it is always possible to de ne twaual vector
sub-spaces, one containing wrenche$,nd the other containing motion screws i
[59, 32]. The reciprocal product between these two spaces is dednas the rate of
work done by a wrenchf; acting on a motion screwm;. In the case of rigid bodies,
under conservative contact, the bases of the two spaces muatisy the reciprocity
condition [33]. At any given time, the type of contact [67] between #two rigid bodies
de nes two vector sub-spaces: a-dimensional space of normal vectotd F° and a
(6-n)-dimensional space of tangent vector§  M®, wheren is the degree of motion
constraint. The bases of these two spaces can be de ned by a & matrix N and
a6 (6 n)matrix T. The columns ofN and T are respectively anyn linearly
independent wrench inN and any 6 n linearly independent motion screw inT.

As a consequence of the reciprocity condition and the contact iraint, the scalar
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Figure V.3: Wrench and twist screw bases corresponding with a friohless point
contact (adapted from [67])

product of any column ofN with any column of T is zero, i.e.

N'T=0 (V.1)

For example, for the contact constraint depicted in Figure V.3, maicesN and T are

given by 2 3 2 3

(V.2)

o O o o o Bk
o O o o +» O
©c O » O O o
o L O O O o
O O O O O
o o o » O o

Although in many situations matricesN and T are simply the composition of canon-
ical vectors in IR? and can be obtained by inspection [66], this is not the case when

dealing with complex interaction tasks and multi-point contacts [59, 3.
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Projection Matrices

The e cacy of hybrid motion/force control stems from its ability to produce
adequate motion and force control inputs that do not violate theeciprocity condition
(Equation V.1). The reciprocity of the control inputs is enforced # projecting each
control input into the correct subspace by pre-multiplication of a pojection matrix.
We, therefore, de ne two projection matrices ¢ and , that project any control

input into consistent wrenches and twists respectively:

t = N(NTN) INT (V.3)

m=T(TTT) IT7 = . (V.4)

It is worth noticing that equations V.3 and V.4 provide only two particdar pro-
jection matrices. A general formulation that expresses genernaiojections consistent

with the given contact is discussed in [33, 8].

Control Architecture

According to the classical formulation of hybrid motion/force contol, the frame-
T

work inputs are de ned by the desired twistt,ef = T, 17T and the desired

ref * ref

interaction wrench at the operational pointw,e = T

T
ref m

ref
At any given time, the pose error is obtained using the strategy psented in
Chapter Il while the wrench error is given by:

We = Wiet W curr (V-5)

wherew, is the sensed wrench.

The output of the motion controller, tqes, that can be obtained as in 111.18, is
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rst projected onto the allowed motion space M via projection matrix ., as de ned
in V.4 and then onto the con guration space velocity of the manipulair via the

pseudo-inverse of thedacobian matrix JY as de ned in 111.24:

—m = J%/ m{des: (V.6)

One the other hand, the output of the motion controllerwyes can be obtained

with a conventional PI control schemes:

Z
Waes = KrpWe+ Ky We (V.7)

Similarly to the motion controller, the desired wrenchw e is rst projected into the

allowed wrench space Fvia projection matrix ; as de ned in V.3, then into the
generalized force space via the transpose of th@cobianmatrix J; . The generalized
force is the projection of the task-space wrench acting at the @re ector into the

con guration space of the manipulator. The relationship betweenask and con gu-
ration spaces is formulated using virtual work arguments as origilta presented in
[95] and summarized in Chapter Il. Finally into the con guration velody space of

the continuum manipulator via the con guration space compliance nteix K *:

—t = K 0 Wees: (V.8)

Using equations V.6 and V.8 the motion and force control inputs are enged into

a con guration space velocity vector — that does not violate the contact constraint:

—= —mt ! (V.9)

Once the desired con guration space velocity vector is obtained,rasolved motion
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rate approach [110] is used to obtain the desired con guration arekploit the inverse
pose solution:

= 1+t — (VlO)

Equation V.10 provides the desired con guration of the continuum m@nipulator
that accomplishes both the desired motion and force tasks withowtiolating the
contact constraint. The next step in the control architecture ido generate joint-level
commands to accomplish the desired tasks. Because of the exibilipf the arm,
actuation compensation is required for both achieving the desiredge and applying
the desired wrench at the end-e ector. Using the statics modelgposed in V.30, the
desired actuation forces 45 are obtained as follows:

ges= Jg T rU I twie (V.11)

According to the model-based actuation compensation scheme posed in [114] and

summarized in Chapter Il, the desired joint-space compensation géven by:

= Kot des (V.12)

whereK ! designates the compliance matrix of the actuation lines.
By combining equations 1.4, V.10, and V.12, the desired joint-spa@®ntrol input

is obtained as follows:

Qdes = Qdes( )+ (V.13)

wherd)qes () IS the joint's positions associated with con guration ( ) according to
the theoretical inverse position analysis.

The hybrid motion/force control architecture for continuum robots with intrinsic
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force sensing is summarized in Figure V.2. According to the classicajbnd mo-
tion/force control scheme [78, 56, 59], two independent contralteprovide high-level
control commands for both motion and force regulation. These monands are pro-
jected into adequate force-vectors and velocity-vectors thao not violate the contact
constraint and then they are projected into the con guration spce of the continuum
manipulator. The motion commands are projected using the inversd the Jacobian
matrix J; , while the force commands are projected using rst the transpesof the
Jacobian matrix J; and then the con guration space compliance matribk . The
con guration space sti ness matrix describes how a change in thexternal wrench
direction and magnitude is related to a change in the con guration ofthe contin-
uum manipulator. Once the desired con guration space vector is tdned, a model-
based actuation compensation scheme is used to produce the regflijoint-space dis-
placements for both con guration compensation and the acting vench. Note that,
equation V.11 includes two terms: the rst compensate for actuain line extension,
friction, and model uncertainties, while the second term is a feedfeard term that
produces the desired wrench at the end-e ector by actuation ghmanipulator in joint-
space. Finally, The control inputqges is fed into the low-level PID controller. In the
case of continuum robots with intrinsic wrench estimation, there artwo additional
components: the friction compensation/estimation block, and th&rench estimator.

These components are described in the next section.

Compensation of Uncertainties

During control of the real continuum robot there will be a deviation between
the desired actuation force vector 45 and the sensed actuation force vector . .
This deviation is due to friction and extension in the actuation lines, péurbation

of the bending shape from the ideal circular con guration, and gewetric and static
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parameters. Thus, the sensed actuation force vectors is as fako

curr = dest ! (V.14)

In [4], the authors showed that the force deviation is a function of the con gurations

of the manipulator and the joint-space velocities). Several methods have been
proposed in order to characterize friction and uncertainties. Fa@xample, in [65], the
authors proposed a discrete Dahl model for friction compensatian a master console.
In [73], the authors included a Dabhl friction model into the control echitecture of
steerable catheters. In [60], the authors proposed a method fiviction estimation
and compensation in concentric tube robots. In [36], the authorssed a non-linear
regression via Support Vector regressors to compensate for pugd uncertainties in
multi-backbone multi-segment continuum robots.

In this work, without loss of generality, we experimentally evaluate ncertainties
vector across the robot's workspace and populate a lookup table for reahe

control.?

Wrench Estimation

Continuum robots with actuation force sensing allow to estimate egtnal wrenches
acting at the tip. Xu and Simaan investigated this capabilities in [115] wére the au-
thors presented a minimization algorithm for estimating forces with gingle segment
and presented the full estimation in [117]. This section summarizesethiesults from
[115, 117] while assuming point contact at the tip of the robot. Usinghe statics

model in V.30, the external wrench acting at the tip of the continum robot is given

2|deally, two look-up tables are required in order to characterize fiction uncertainties due to
direction of motion, i.e. one forg > 0 and one forq < 0.
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by:

Weer = 37 71U 30 (e ) + 137 7] (V.15)
where
=DF'Se wee J{ T rU J5 (o ) (V.16)
y T y
D=1 JF 73 st 3 7] (V.17)
F=1 J7 70 (V.18)
2 3
A AR AT O
Sezg(t n)( t n) 33% (V.19)
03 3 I3 3
2 3
ch + Ny
We=9% "+ “"& (V.20)
03 1

Se and W 4 contains a priori knowledge of the contact constraint and guide the
estimation algorithm. The a priori knowledge is de ned by contact normal vector
N, and contact tangential vectorfi;. These two vectors de ne the plane in which the

sensable component of the external wrench lies.

Experimental Results

In order to validate the proposed framework, the control algoritms were imple-
mented on the one-segment multi-backbone continuum robot of kige V.4. The
continuum segment is able to translate along the, axis providing the end-e ector
with a total of 3 DoFs: gns and angles and . The continuum segment is equipped
with three load cells that monitor the forces acting on the three seadary backbones.
According to the algorithm proposed in [115], estimation of th& &nd y* component

of a force acting at the tip of the manipulator is possible. In the remader of this
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Figure V.4: Kinematics nomenclature used in this paper.
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section, multiple experiments are presented to validate the e cacyand usefulness
of the proposed framework. While the motion controller always cordls motion in

z direction (the estimation algorithm is not able to sense forces in th direction

[115]), the force controller switches between regulating a force inetX or ¥ directions

depending on the task.

The remainder of this section is organized as follows. First, the expwental
setup is presented. The continuum robot manipulator and requiredquipment are
described. Second, the estimation of uncertainties such as frictiand un-modeled
actuation forces are presented. Finally, three experiments aregsented: force regu-

lation in the % and ¥ direction, shape estimation, and sti ness characterization.

The Continuum Manipulator

Direct Kinematics The surgical slave of Fig. V.4 is the composition of a linear
stage and a two Degree of Freedom (DoF) continuum manipulator. RE continuum
segment has thregush-pull backbones that allows for bending its end disk in space.
A complete derivation of the direct and di erential kinematics of these continuum
structures are given in [97]. For the ease of presentation, in themmainder of this
section, the kinematics and statics of the manipulator is summarize&ix coordinate
systems are de ned (Figure V.4): 1) world framé Ro; $0; 209, 2) segment's base disk
frame fR1;$1; 219, 3) segment's bending plane framék,; $,; 2,9, 4) segment's end-
disk framef R3; $3; 239, 5) segment's gripper framé R4; $4; 249, and 6) segment'’s tool
frame f R5; ¥'5; 259. The position, p$, and the orientation, RJ, of the tool in reference
frame is given by:

pY = p?+ Ripi+ Rps (V.21)

R2=R%=Rot( ;2)Rot( ;¥)Rot(;?2) (V.22)
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T T
whereR?=1,pf= 0 0 qgs -P5= 0 0 d ,disthe distance between

framesf 4g and f 5g (see Figure V.4) p} is the position of the end disk of the continuum
segment as in 1.2, = o0, L is the nominal length of the continuum segment,
o = =2, and operatorRot( ; W) returns a rotation of angle about axisW. As

shown in Chapter Il, the pose of the tool is uniquely de ned by corguration variables

., and g.s. We, therefore, de ne the con guration space vector 2 R? as:

= J ins : (V.23)

In order to achieve con guration , the secondary backbones of the continuum robot

(i =1;2;3) are shortened or lengthened as follows:

g =rcos(i( 0): (V.24)

where ; = +(i 1) , =2=3 ,andr is the radial distance of each secondary back-
bone from the centrally-located backbone (Figure 11.1). Similarly téhe con guration

space, we de ne the augmented joint-space vectgr2 R* as:

d= & & G Gns - (V.25)

Di erential Kinematics The tool twist tT = T | T s given by:

t=J, — (V.26)
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where _ is the rate of change of the con guration space vector and

2 3
dcc ¢ A2 dss + 21 0
dcs + ¢ + AL dsc + %2 0
ds + Lt L= 0 1

S cc 0
(o scC 0
0 1+s 0

wherec, = cos(y), sy =sin(y), A1 = Lsin( )(sin( ) 1), andA; = L cos()(sin( )
1). Similarly, the con guration space velocities are related to the eoguration space
velocities as:

a=Jq — (V.28)

where 2 3

rcos(y) rsin( 1) O
3o = rcos(z) rsin( ) O : (V.29)
rcos(z) rsin( 3 O

0 0 1

Statics  Using virtual work arguments presented in Chapter Il we can derad the

following rst order linear relationship:

I Wet+ Ty =r1U (V.30)
where 2 3
10
Ji = J g 0 l%: (v.31)
00
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2 3
10
Jq = Jq go 1? (V.32)
00
and 2
+ P ZI’ P cos( i)
Lo Lva 2 (L+g)?
ru=Eyl =1 B =1 (v.33)
—3I’ sin( i)
2. (L+qg)
i=1
Con guration Space Sti ness The con guration space sti ness was presented in

[4] and used for compliant motion control. In the remainder of this pagraph, results
from [4] are summarized. Let the wrench acting on the end disk th& projected into

the con guration space of thek™ segment be given as the generalized force vector

f(k) = JT

o

We:k)- (V.34)

Applying (V.30) to the generalized force expression, thg" row of the generalized

forcef, can be written as
h
fi=ru I . =ruy JIM (V.35)

whereJ!! denotes thei™ column ofJq .
For small perturbations from an equilibrium con guration, the stiness of the

individual continuum segment can be posed in the con guration spacs
f=K (V.36)

where the sti ness is given by the Jacobian of the generalized foredth respect to

3The subscripted (k) denoting the k™" segment will be dropped for (V.35) through (V.44) for ease
of notation although it is understood that these equations are dened for the individual segment.
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con guration space perturbation. Thus, the elements oK are given by:

| h g
@E“j:[K I, = @—@,- ru a8 (v.37)

The elements of the sti ness matrix (V.37) can be expanded as

_ @ » ' "glre.
[K 1, =[H J @ 3y N @ (V.38)

The rst term of the con guration space stiness, H , is the Hessian of the elastic

energy of the segment given by

3
@y @u

H =9 @ ©99¢ (V.39)
du  @u
@@ @?

The axial sti ness along the length of a given actuation line can thendexpressed
as

1 1
"k + K (v.40)

P

wherek. = E2 andk;, = ELYbA, and A denotes the cross-sectional area of the backbone.

For continuum robotic systems with remote actuation designed tocaess deep
con ned spaces, e.g. [114] and [97], the lengths of the non-bendmegions of the
actuation lines far exceed that of the bending regiong,. Ly. The stiness will
therefore be dominated by the non-bending regions of the actian lines. Local

perturbations of the backbones at the actuation unit can be expssed as

@ _
& - Ke (V.41)
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[rmm][L[mm]| [][d[mm]|Ey [N=mm?|oq[mm]| | [mm?*] |
| 18 | 175 | 120| 135 | 65 10° | 0.3 |3976110 %]

Table V.1: Kinematic and static parameters of the continuum robot sed for the
experiments

where 2 3
EECA 0 0
qug 0 0 zszm (V.42)
0 0 EvA

Le
Expanding terms by applying the chain rule and using the instantanes inverse
kinematics, % is given by

% g = KaJg (V.43)

- @
@

The con guration space sti ness therefore reduces to

Q)

. h g .
[K 1, =[H ], @, NE W kI (V.44)

Kinematic and Static Parameters The numerical value of the kinematic and
static parameters de ned in the previous sections are reported ifable V.1. r is
the radial distance from the secondary backbone to the centra@bckbone,L is the
nominal length of the continuum segment, is the division angle between secondary
backbonesEy is the Young's modulus of the NiTi backbonesy, is the outer diameter
of the backbones, and

is the second area moment of each backbone.
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Estimation of Uncertainties

Uncertainties are due to: 1) deviation of the kinematic and static pameters from
the nominal ones reported in Table V.1, 2) unmodeled friction along ¢éhactuation
lines, 3) statics and kinematics modeling assumptions, and 4) actuat unit assembly.
The algorithm presented in [115] was evaluated on a much bigger comium robot
( 9mm) with very short actuation lines in order to minimize modeling and $ap
uncertainties. The robot used in this work is a 5mm continuum robot with a cone
that re-route the actuation lines and an actuation line length of ma than 300 mm.
In this work, we calibrate actuation uncertainties by populating a lok-up table that

depends on the con guration of the continuum manipulator.

Methods

The continuum manipulator of Figure V.4 is commanded to scan its wospace
between = =2and = =2 with intervals of 5 ' 0:098ad. At each cong-
uration the manipulator is bent from = =2to = 0 with constant velocity and
accomplishment time of 16. The discrepancy between the expected actuation forces

and the sensed actuation forces was recorded.

Results

Figures V.5, V.6, and V.7 show the actuation force errors on backbe one, two,
and three respectively. The graphs show a plot of the actuationrfe error versus the
bending angle for di erent values of .

Figure V.5 shows the actuation force error,,, associated with the rst backbone.
The graphs shows how the actuation force error depends on botland and, there-
fore, on the con guration of the manipulator. The error on backbne one reaches

its minimum at = =2and = =2. In these two con gurations backbone one
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is neither extended nor shortened and the load on it is, thereforeero. In all other

con gurations, the error mainly increases as a function of but also as a function of

Figure V.6 shows the actuation force error,.,, associated with the second back-
bone. In this case, the minimum is reached for= =6. In this con guration the
second backbone is neither extended nor shortened and, theref the resultant load
is zero. In all other con gurations, ¢, is non-zero and mainly depends on the bend-
ing angle . In this case, it is possible to see the e ect of friction along the line.df
con gurations with a negative , backbone two is extended while for con gurations
with positive , backbone two is shortened. This phenomenon is not seen in badkbo
one because between2 [ =2; =2] the backbone is only shortened.

Figure V.7 shows the actuation force error,e,, associated with the third backbone.
Similarly to backbonen 2, because of symmetry, the actuation force errog, is zero
at = =6, negative for 2 (=6; =2], and positive for 2 [ =2, =6).

Several methods can be used to characterize friction and unaarties as in [65,
53, 4]. In this work, we populated a lookup table using the data showin Figures
V.5, V.6, and V.7. The table has a size of 3618 and linearly interpolates over and

with increments of 5. In the current implementation, the table is only populated
with data associated with negative, i.e. the continuum segment bends from= =
(straight con guration) to = 0. For this reason, the compensation is not e ective
when the motion is reversed; thus a ecting the force estimation. lfkough it is
possible to produce velocity-dependent lookup tables, this is exckalfrom the scope

of this work.
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Figure V.8: Experimental setup for force regulation experimentsThe setup consist
of the continuum manipulator, the ATl Nano 17 force/torque sensr, and a hand-
controlled linear actuator for the placement of the sensor at di eant heights.
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Force regulation

This section presents force regulation experimental results. Thgoal of these
experiments is to demonstrate the ability of the controller to regule a predetermined
force in both x and y directions at di erent con gurations. The experimental setup
(Figure V.8) consists of a 5mm continuum robot, an interaction probe with a
spherical tip of 5mm radius, an aluminum block, and an ATl Nano 17 for ground

truth.

Methods

In order to test the force estimation and force controller e cacyin the ® direction
the continuum robot is bent to the following three con gurations: } =80, =0,
2) =60, =0,and3)1) =40, =0 . Ateach conguration, a reference
force magnitude of 5 gr, 10 gr, and 15 gr were commanded. Datarfr the force
estimator and the ATI Nano 17 were compared and the rise time andesdy state
error computed.

In order to test the force estimation and force controller e cacyin the § direction
the continuum robot is bent to the following con gurations: 1) =80, =0, 2)

=60, =0,and3)1) =40, =0 . Ateach conguration, a reference force
magnitude of 10 gr is tested. Data from the force estimator and ¢hATI Nano 17 are

compared and the rise time and steady state error are computed.

Results

Figures V.9, V.10, and V.11 show the step response for force magdes 5 gr, 10
gr, and 15 gr in thex*direction at =80, =60, and =40 respectively. Each

graph shows the time history of three quantities: desired force Iélzk), sensed force
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| [1] Force [gr]] Rise Time [s]| Steady State Error [gr]]

80 5 111 -0.30
80 10 1.09 0.60
80 15 1.04 1.50
60 5 1.03 1.30
60 10 0.77 3.00
60 15 0.88 3.00
40 5 1.35 1.35
40 10 1.03 4.30
40 15 0.67 4.20

Table V.2: Experimental result of force regulation in thex”direction for three con g-
urations =80 , 60, 40, and three force magnitudes 5 gr, 10 gr, and 15 gr.

| [1] Force [gr]] Rise Time [s]| Steady State Error [gr]|

80 10 0.75 1.90
60 10 2.72 4.10
40 10 1.63 8

Table V.3: Experimental result of force regulation in they/direction for three con g-
urations =80 , 60, 40, and an applied force of 10 gr.

by the ATI Nano 17 (red), and sensed force by the intrinsic forcesemator (blue).
These results are summarized in Table V.2.

Figure V.12 show the step response for a force magnitude of 10 Grimlirection
at =80, =60,and =40 . The results are summarized in Table V.3.

The experimental results demonstrate both that the hybrid motia/force control
is able to regulate forces of di erent magnitudes in di erent directios and that the
accuracy depends on the con guration of the manipulator. Stegdstate error in the
x direction between the force sensed by the ATI Nano 17 and the msic force es-
timator are mainly due to residual un-modeled uncertainties as the one energy is
stored into the system ( = =2 zero energy, = 0 maximum energy). These uncer-
tainties are static and dynamic friction, bending shape, and exters/contraction of
the actuation lines. Steady state error in the y direction is due to wompensated

uncertainties for side motions—6 0 and the much more compliance of the continuum
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manipulator in the direction at this particular con guration. As shown in Figures
V.5, V.6, and V.7, uncertainties are symmetric depending on the coguration of
the backbones. The e cacy of the intrinsic force estimator and, lierefore, the force
controller is de nitely weaker in the direction. However, depending on such con-
guration, the x and y directions are consecutively a ected in di erent ways. It is
worth noting that the experiments were conducted on a non-calibted robot in which
geometric parameters (nominal length, distance between backies, bending shape)
and static parameters (Young's modulus, actuation line sti ness,rad second moment
area of all backbones) were set to the nominal value. Furthernmegrthe intrinsic force
estimator could also undergo proper calibration as in any force/tque sensor. How-
ever, this is beyond the scope of this work in which we aim to demonste force

control schemes for continuum robots and their use in severaksarios.

Force Regulated Shape Estimation

This section presents environment's shape estimation experimehtasults. The
goal of these experiments is to demonstrate simultaneous foragdamotion control.
The hybrid motion/force controller was integrated into the telemarpulation archi-
tecture presented in Chapter VI. The user is able to control thenel-e ector while
free of contact and engage the force control in pre-determinddections when in con-
tact with the environment. The experimental setup (Figure V.13) onsists of a 5
mm continuum robot, a diamond-shape silicon phantom, an Ascensidiechnologies
trakSTAR 2 with at transmitter placed under the silicone phantom, and a Force

Dimension Omega 7.
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Figure V.12: Force step response on a silicone block in tlgedirection from three
starting con gurations: 1) =80, =0,2) =60, =0,and3)1) =140,
=0 .
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(a) Top view (YZ plane).
z <

(b) Side view (XZ plane)

Figure V.13: Experimental setup for shape estimation of a silicon diaand-shaped
extrusion (a). The base plane of the extrusion is placed at approxately 18 mm from
the origin along the x direction (b). The user actively controlled motia of the probe
in the y and z directions. The force controller regulates a force with magnitude of
0.1 N in the x direction.
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Methods

The 5 mm continuum robot is equipped with a plastic probe having a 5 mm
radius sphere at the interaction point. The sphere reduces the inmgement of the
probe into the soft tissue. A 0.9 mm magnetic coil is delivered through one of
the robot's working channels and secured to the probe. A silicon diamd-shaped
extrusion is placed in a YZ plane at a distance of approximately 18 mmoim the
robot's reference frame as shown in Figures V.13a (top view) and Bl (side view).

End-e ector's motions in the y and 2 directions were commanded via a Force
Dimension Omega 7 with 3-axis force feedback. Position commands@veent over
the Local Area Network (LAN) using User Datagram Protocol (UDP) at 100 Hz.
The end-e ector's position was acquired at 125 Hz using the Asceois Technology
trakSTAR 2 and sent over the LAN using UDP at 100 Hz. The high-levemotion
and force controllers and the wrench estimator run at 200 Hz whilehé low-level
joint controller run at 1 kHz. Switching between full motion controland hybrid
motion/force control was enabled using the 7th axis of the Omega(@ripper).

The continuum robot, under full motion telemanipulation mode, is guidd to
reach a point on the silicon phantom. Once hybrid motion/force conbl is enabled,
the continuum robot autonomously regulates a force of -0.1 N in theedirection. Po-
sition data of the probe were only collected when the sensed forcethie R direction
was smaller or equal to -0.05 N and the hybrid motion/force controltevas engaged.
These conditions ensured that each data point was actually on thergace of the sil-
icon phantom. Switching between full motion/force control and higrid motion/force
control allowed to cover a workspace of 18 mm 30 mm 40 mm.

Ground truth shape data was obtained using a second probe equgabwith an-
other 0.9 mm magnetic coil as shown in Figure V.14. The probe was manually

swept over the silicon phantom and data collected. The use of an idieal probe
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Figure V.14: Probe for the manual scan of the phantom tissue. A silar probe is
attached to a non-magnetic rod. A 0.9 mm is secured to the probe.

equipped with a similar sensor ensures comparison of data having ge&mne accuracy,
repeatability, noise, and uncertainties.

Position data from the electro-magnetic tracker were stored arithearly interpo-
lated using Matlab function griddata. This function interpolates the surface at query
points on the YZ plane and returns the interpolated value along the 4lirection.

Multiple data points are automatically averaged during the interpolabn.

Results

The estimated shape using the continuum robot is shown in Figures 4, V.15b,
and V.15c while the ground truth data obtained with the manual scans shown in
Figures V.16a, V.16b, and V.16c. A color map (blue to red) identi es dierent sur-
face heights. The error between the estimate shape and the gndutruth shape is
presented in Figure V.17. As expected, the maximum deviation is fodmt the bound-
aries of the robot's workspace along thg éxis. In fact, in order for the continuum

segment to stretch along they/axis the bending angle decreases considerably and
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the angle decreases (positivg) ‘or increases (negativey)* As shown in the force
regulation experiments reported in the previous section, the seiigty of the force
estimation in the X direction decreases considerably while the sensitivity in thedt-
rection increases. Although the controller is unable to regulate thequested amount
of force due to the force estimator, the continuum manipulator des not lose contact
with the surface. This phenomenon is not seen at the boundariestbe workspace
along the Z*direction because the insertion stage provide most of the displacent
The very small inertia of the continuum manipulator allows the forceantroller to
maintain contact with the unknown surface without perfect knowldge of the tangent
and normal vectors at the contact point. These experiments demstrate the e cacy
of the proposed hybrid motion/force control scheme to perforrmdependent motion
and force regulation. The intrinsic compliance of the continuum manipator also
makes the impact phase stable allowing for safe and smooth transit®obetween full

motion control and hybrid motion/force control.

Sti ness Imaging

This section presents experimental results on sti ness characization of soft tis-
sues using the proposed hybrid motion/force controller. The goaf the experiment
is to build a sti ness image of the surrounding environment using botposition and
force data. One way to build such image is to repetitively scan the dace apply-
ing di erent force and recording the displacement of each point beten scans. The
experimental setup (Figure V.18) consists of a 5 mm continuum robot, a plastic
probe with a spherical tip of 5 mm radius, a 0.9 mm electro-magnetic sensor, and

a silicone phantom with embedded rubber tubes.
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(a) Side view.

(b) Front view.

(c) Top view.

Figure V.15: Estimate shape under force-regulated scan.
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(a) Side view.

(b) Front view.

(c) Top view.

Figure V.16: Ground truth shape.
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(a) Side view.

(b) Front view.

(c) Top view.

Figure V.17: Shape estimation error.
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55 25 0

Figure V.18: Setup measurements to localize the mockup blood vésséhe image
shows the setup, a ruler, and pixel measurements taken with theatlab Image Pro-
cessing Toolbox. From the image is possible to de ne a scaling factdrat relates
pixels to mm, the distance of the centerline of the blood vessel fraime base of the
robot and its width.

Figure V.19: Colormap of the estimated surface during the rst sea(5 gr).
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Figure V.20: Colormap of the estimated surface the last scan (25)gr

Figure V.21: Sti ness imaging
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Methods

Five consecutive surface scans were completed under hybrid motforce control
applying respectively 5 gr, 10 gr, 15 gr, 20 gr, and 25 gr. After setiang the desired
force magnitude, the operator guides the robot to cover the dgsated area (Figure
V.18). A rubber tube is embedded at approximately 155 pixels (px) dm the base
of the robot. Using the ruler shown in Figure V.18, it is possible to de@ a scaling
factor between image pixels and mm. In this case, = 10mm. Using this scaling
ratio, the position of the rubber tube is identi ed at approximately 3.7 mm from
the base of the manipulator. The operator was asked to scan a tatgular area of
approximately 20 30 mm.

Position data during each scan were recorded from the electro-gmetic sensor
placed at the tip along with the sensed force in the €lirection and smoothed by
spline interpolation. Because of the position RMS of the Ascension cfeologies
trakSTAR 2 it was chosen to use the rst and the last scan in ordera obtain a better

noise/signal ratio.

Results

The estimated surfaces under 5 Gr force control and 25 Gr forcentrol are shown
in Figures V.19 and V.20. Figure V.19 shows a color map of the estimatedrface
with points between 10 mm and 13 mm alongh the x direction. Figure V.26hows a
color map of the estimated surface with points between 12 mm and frfbn along the
x direction.

In order to characterize the di erence in sti ness along the surfee (not the abso-
lute sti ness) a linear spring-model is used. Figure V.21 shows thetiesated sti ness
values across the scanned area. The graph shows a peak of 0.3 M/t approxi-

mately 40 mm from the base of the robot. The estimated sti ness desases to 0.25
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N/mm, 0.2 N/mm, and 0.15 N/mm respectively along both positive z diretton and

negative z direction. Lower sti ness is estimated at the boundariesf the scanned
surface ¢ = 55 and z = 25). Figure V.18 shows that the rubber tube lays along the
y axis at approximately 15%x = 39:7mm from the base of he robot. The sti ness

map clearly identi es high sti ness along that same axis as shown in Fige V.21.
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CHAPTER VI
CLINICAL APPLICATIONS

This Chapter presents the implementation of several of the algohins presented
in Chapter 3 on state-of-the-art robotic systems developed abé Advanced Robotics
Mechanism Applications Laboratory at Vanderbilt University. In paticular, three
systems are presented: 1) the dual arm insertable robotic e est platform (IREP)
for abdominal general surgery, the rapid deployment platform RP for transurethral
resection and surveillance, and a variation of the RDP for trans-sal microsurgery
of the throat. The variation includes a completely exible stem with erbedded

localization sensors.

A Telesurgical System for Single Port Access Surgery

This section presents the integration and the preliminary evaluatioof the IREP
system shown in Fig. VI.1. To the best of the authors' knowledge €hIREP is the
smallest surgical robotic platform for SPAS. We present the compéedirect and in-
verse kinematics formulation, integration with a dual-arm master irgrface, resolved-
rates telemanipulation control, redundancy resolution, workspacenlargement using
an additional insertion stage, and actuation compensation. Expemental results
demonstrate that the IREP meets workspace and dexterity regnements for basic

abdominal MIS procedures.

Clinical Motivations

Robotic end-e ectors reinstate dexterity [38], enhance accumaclter hand tremor

[108, 99], and safeguard delicate anatomy by creating virtual xtwes [84, 43]. For
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these reasons, robotic-assisted Minimally Invasive Surgery (MI8as been progres-
sively accepted in many disciplines of surgery such as urologic, catdaracic, and
gynecologic surgery. Although traditional MIS procedures redecpatient's trauma,
multiple (typically 3-5) access ports [50] are required for a minimal sef surgical
instruments or approaches. Each incision increases the risk of itfen, lengthen the
patient's convalescence, and increase post-operative pain. Newgscal paradigms
such as Single Port Access Surgery (SPAS) and Natural Ori ce Tng-luminal En-
doscopic Surgery (NOTES) aim to reduce or completely eliminate skindisions. In
SPAS procedures, the surgical site is reached through a singledao while in NOTES
procedures natural ori ces are used. Both these surgical paligms require a shift in
the way robotic slaves are designed, built, and controlled.

In recent years, both industry [27] and academic groups [47, 78,2, 75, 113, 97,
76, 13] tried to further improve and expand the set of robotic-assted procedures by
proposing a variety of telesurgical systems for SPAS and NOTESeBigns vary from
purely rigid-link e ectors, to wire-actuated rigid link e ectors, and continuum arms
[105].

Successful telemanipualtion and control of hybrid platforms includg continuum
robots requires present additional challenges such as kinematic aiebng, real-time
implementation of direct and inverse kinematics, backlash competisam, friction esti-
mation, and extensions of the actuation lines. Several approasheave been proposed
to address these problems and limitations. The mathematical fouations for model-
ing and analysis of hyper-redundant robots were laid out in [20, 11®hile subsequent
works addressed practical implementation and speci ¢ modeling i1 For example,
in [49], the authors presented a simpli ed kinematic model for multi-ggnent contin-

uum robots suitable for real-time control. In [114], a recursive estaion framework
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Figure VI1.1: The Insertable Robotic E ectors Platform (IREP) with two continuum
arms, wrists, grippers, stereo vision camera head, and illuminatiogséem

for actuation compensation was proposed. In [42], intra-corp@ieknot tying us-
ing a dual-arm continuum robot system for laryngeal surgery wasethonstrated. In
[97], the authors proposed a recursive method for overcoming pbaog, backlash, and
extension of multi-segment multi-backbone continuum robots while if14], con gura-
tion tracking for tendon-driven catheters was presented. Othevorks such as [2, 53]
focused on backlash and friction compensation for wire-actuatedbots and tendon-
driven catheters. In [30, 105], a modeling and control frameworkrfconcentric tube

continuum robots was proposed.

Surgical Slave System

Figure VI.1 shows the integrated surgical system for SPAS. The sgm is com-

posed of 24 controlled axes: 18 for the IREP's hybrid arms, 3 fordhstereo camera
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system, and 3 for the Cartesian stage. The Cartesian robot prides additional mo-
tion along the insertion axis for gross manipulation.

Each arm is composed of 9 controlled axeg,; (::p): an insertion linear stageg, a
planar 2 DoF parallel mechanismd; ), two continuum arms (04, G, Gs and ¢f7), a 1
DoF wrist gg, and a gripper jawg. The role of the parallel linkage is to increase the
lateral movement of the arm and to improve dual-arm triangulation.The insertion
stage g, coordinates the insertion of the passively bending stem when therpHel
linkage deploys. Each continuum segment is composed of four cirdenentially lo-
cated super elastic NiTi secondary backbones and 1 centrally loedtsuper elastic
NiTi primary backbone. The particular design of the actuation unit ouples oppos-
ing secondary backbones; thus, reducing the controlled axesnfréour to two for each
continuum segment [29]. By controlling the length of the secondaryabkbones, each
segment may be actively bent in 2 DoF.

Four coordinate systems are de ned as shown in Fig. VI.2. Framigdg is the
xed base frame attached to the end of long insertion stem. Franfelg is attached to
the moving ring of the parallelogram and always maintains the same antation of
frame f 0g. Framesf 2g and f 3g are attached at the end disk of the rst and second

continuum arm respectively. Framef 4g captures the additional wrist rotation.

Direct Kinematics

The direct kinematics of each arm may be described by the following gmented

con guration space vector:

= b b 7 ST (VI.1)

wherel, and b, (Fig. VI.2) denote the x and z coordinates of framd 1g with respect
T T

to base framefOyg, ,= , , and ,= , , dene the shape of the
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rst and second continuum segments and, therefore, the positicand the orientation
of frame f2g with respect to framef1g and frame f 3g with respect to framef2g
respectively. Angle  is the bending angle of segmerit = 1;2, | is the angle
de ning the plane in which segmenk bends, and (Fig. VI.2) is the roll angle about
axis 23 that de nes frame f 4g.

The position and orientation of the end-e ector is given by:

pd = p?+ RY p3+ R3p5+ RIR%p; (VI1.2)

RS = RIRIR3RS (VI1.3)

wherepd=[h 0 b 1".P3=[0 0 21, R{=12R?3 R:=Rot(;2),and
the remaining o sets and orientations due to the two continuum segents (k = 1;2)
are given by equations 1.2 and I1.3.

By taking the time derivative of (VI.2) and (VI.3) one obtains the 6 7 Jacobian
matrix that relates the rate of change of the augmented con gation space vector —

and the linear and angular velocities of the end-e ector:

Jarm = e €3 S1J1 S,J5 Sgee (V|4)

wheree; 2 RS is the i" canonical basis vector,); and J, are the Jacobian matrices

of the rst and second continuum segment respectively obtainedoim equation 11.16

and 2 3
0 2 2R3
51:2 I [ Rz(p5  R3p3)] % (V1.5)
0 I
2 3
0 0n3
5,=§ "2 L Rspal 7 (V1.6)
0 R
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0 0
Se= 9 £ (VI.7)

wherel 2 R® 2 is the identity matrix, 0 2 R*® 3 is a matrix of zeros, and operator

[u] constructs a 3 3 skew-symmetric matrix from vectoru.

Joint-Space Kinematics

The augmented con guration space vector 2 R’ is related to the joint space
T

vectorg= q ::: G as following:
= L(b:k) Lo (V1.8)
=k dicos() ds (VL.9)
=0 dg+dscos() dscos() @ (V1.10)
=71 1c08(1) (VI.11)
= T 1sin(q) (V1.12)
G =1r( 1cos(1)+ 2c0s(2)) (VI.13)
o= r( asin(1)+ 2sin( 7)) (VI1.14)
B=0® G*+*0 Gtrlw (VI.15)

where = o, L (b; k) and Ly are respectively the arc-length of the passive
stem when the parallelogram is open and when it is closed at a home piosit( =0,
& =0), r andr,, are the kinematic radii of the continuum segments (Fig. VI.2) and
the wrist mechanism respectively. Kinematic parameters, , , d;, ds, ds, anddg are

shown in Fig. VI.2. Arc-lengthL (b; b,) of the passive stem depends on the position
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Figure VI.2: Kinematics nomenclature for one arm of the IREP
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Figure VI.3: Telemanipuilation integration architecture of the IREP. The notation
g; is used as shorthand notation to vectog :::q

of the moving base ring and can be obtained using the pseudo-rigiddyomethod
proposed in [45]. The derivative of (VI.11), (VI.12), (VI.13), (VI.14, and (VI.15)
yields the instantaneous inverse kinematics Jacobian matrix that lees con guration
space velocities 3, -, _and joint space velocitiestss = @ o o @ G '

such that: 2 32 3

Ju 0 074 =
g_4s=§ Ju Jp O %g —Zé (VI.16)

JWl ‘]W2 rW

where, fork =1;2, 2
C S
Jo=13 L (V1.17)
S, kC,
Jw, = (c,+s,) «(s, c,) (VI.18)

Telemanipulation
Telemanipulation Architecture

The telemanipulation framework of the IREP (Fig. VI.3) is subdivided a fol-
lows: master-slave tracking erroy redundancy resolution con guration-to-joint space

mapping, anddirect kinematics The master-slave tracking error subsystem receives
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Vmax Vmin p p max min o] o]

1I5mm O05mm O05mm 3 30 1 1 3

Table VI.1: Slave telemanipulation parameters

data from the master manipulator and computes the desired twistf¢the end-e ector.
The redundancy resolution subsystem inverts the kinematics avang) joint-limits and
Jacobian singularities. The third subsystem provides the desiredifpt-space values
that achieve the desired motion as described in tHavPos solution of (VI.8), (VI.9),
(VI1.10), and InvKin solution of (VI.16).

Since the IREP is a redundant manipulator, all 6 DoF are controlled ahthe
master-slave tracking errors (position and orientation) are givehy equations I11.15
and I11.16. The desired twist is computed according to equationslIL8, I11.21, 111.22,
and the telemanipulation parameters are reported in Table VI.1.

The desired con guration space velocities are computed accorditg [11.26. In
the case of the IREP, the primary goal of the weighted inverse is fwrevent the con-
tinuum segments from reaching the minimum = 0) and maximum ( x = o= =2)
bending angles by exploiting redundancy as in [18]. The weights for theDoF can
be computed as follows:

w=1+ 2+ 0 (VI.19)
k Kk k k

Additionally, matrix W can be used to guide the inversion of the Jacobian in order
to favor the movement of the parallel mechanism or the insertion &ge for some
Cartesian directions.

Once the con guration space velocities are obtained, a resolveakte approach
[110] is used for both the parallel mechanism and the continuum arnthe position

of framef 1g is obtained as

be (tsn) = b (t) + B (t) ¢ (V1.20)
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Figure VI.4: Snapshots taken from the vision tracker during dataadlection

by (tesa) = by (t) + B () ¢ (V1.21)

while, using (VI.17) and (V1.18), the rest of the con guration spae vector is obtained

as

Qas (tke1) = Qas (tk) + das (te) t (V1.22)

where q4g denotes §; :::; ).

Compensation

Equations (VI.8), (V1.9), (VI.10), and (VI.22) provide the theoretical joint values
that accomplish the commanded motion of the end-e ector. Howey, because of
backlash, friction, coupling between subsequent continuum segnte and extension of
the actuation lines, the responsiveness of the IREP system is daded. In particular,
the main de cit of the parallel mechanism is backlash while the extensioof the long

actuation lines a ects the continuum segments.
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Figure VI.5: current versus commanded position of the moving ring

Backlash Compensation

Experiments using a Claron Micron Tracker (Figure VI.4) were condued to char-
acterize the backlash a ecting the parallel mechanism. Figure VI.5hews a graph of
the actual versus the commanded position of the moving ring of the parallelogram
while opening the mechanism. The gure shows a deadband betweers 3:8 mm
(ve-bar closed) andx = 15 mm. A reverse spline was numerically evaluated and its

coe cients used during operation.

Actuation Compensation

Actuation compensation for multi-backbone continuum robots wagresented in

[114, 97]. Xu and Simaan [114] proposed the following compensation:law

Ga7 = Qa7+ K * (VI.23)
where 2 3
E..A=L 0
k=9 » 2 £ (V1.24)
0 EysA=L,
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2 3,

Jo, J
=97 YLy, (VI.25)
0 Jg

Eys is the Young's modulus of the secondary backbones,is the cross-sectional area
of the backbonesl , is the length of the actuation lines, and U is the gradient of
the elastic energyU = U; + U, of a two segment continuum robot [97] with respect

to ,,and ,.

Augmenting the Workspace

The robotic system presented in Section VI was augmented with twadditional
Cartesian axes as shown in Fig. VI.1. Coordinated motion of theand z axes allows
the IREP to translate along the central stem axis. This additional @F turned out
to be essential for increasing the reachable workspace of the daan system. The
con guration space vector of the leading arm in (VI.1) is then augmeed as the

following

= b T o (VI.26)

The inversion of the kinematics presented in Chapter 4 is modi ed aslfows. The

augmented arm Jacobianl 5 is given by
Jam = Jyy Jam (V1.27)
where J,m is given in (VI.4) while
Jyz = sin() 0 cos() 0 0 O (V1.28)

In order to use the Cartesian manipulator when the IREP reachespper and lower
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Figure VI.6: Weight pro le for the insertion stage and di erent values of n

limits of its workspace, the following weighw;,s is associated with the insertion stage:

b, mia "

V1.2
bz;amp ( 9)

Wins = Wmin + Wmax 1

whereb,.mig is the middle of the range in the z direction and,..mp is the mechanical
travel of the insertion stage. Weightw;,s depends on thez-component of the position
of the tip of the parallelogram. By choosing exponent (Figure VI.6), it is possible
to guide the inversion of the kinematics in (111.27) and use the insddn stage only

when b, approaches the upper and lower joint limits of the ve-bar linkage.

Preliminary Evaluations

The integrated telemanipulation system of Fig. VI.1 was qualitatively ealuated
for ability to complete key surgical tasks. The capabilities of this sysm were eval-
uated in stringent conditions that do not rely on using the standardour DoFs of
laparoscopic surgery (translation along the insertion axis and theetilting angles).
We evaluated the system with only one additional translational DoF mvided by the

coordinated motion of the Cartesian robot. The insertion DoF allowkfor su cient
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workspace reachability to complete some of the surgical tasks deised by the Fun-

damentals of Laparoscopic Surgery (FLS) [34]. The addition of the sartion DoF

was crucial to place the IREP near the target surgical zone andsessfully complete
the tasks.

We set forth to evaluate the ability of the IREP to complete the followng tasks: 1)
pick and place, 2) hand exchange of rings, 3) passing circular nesdi4) completing
knot tying. To achieve these goals we used thaexterity peg boardprovided by FLS,
the Robotic Sea Spikes Potraining model available from The Chamberlain Group,
a suturing goretex model by FLS, and standard circular needlesadin abdominal

surgery.

Pick and place and hand exchange

Experiments for pick and place included manipulation of plastic triandgar-shaped
objects as shown in Figs. VI.7 and VI.8. The experiments show thahé¢ tasks
were completed successfully with minimal experience by novice uséai users in
these experiments with the exception of the lead author had no expence with the
telemanipulation system and had only minimal familiarization periods talling less
than 30 minutes of continuous test driving of the system). The exgiments for FLS
required the users to manipulate size large objects by picking themom the left
6 pegs and then placing them on the right 6 pegs. The peg diameterstire FLS
training model is 3.2 mm, the diameter of hole in the manipulated triandar cross
section objects is 6.34 mm. We found out that 1) exchange of objedetween hands
was possible despite the small side of the IREP gripper; 2) some di tties were
observed due to limited depth perception when trying to guide the gécts to slide on
the pegs. This stemmed from the fact that we were unable to useat&D stereo vision

but instead, the user observed the robot while standing as shown kigure VI.1; 3)
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the accuracy of the IREP was suitable for successful completiohtbe experiments
by both the surgeon author and the non-surgeon authors; 4) ¢hreach of the IREP
arms allowed it to cover the entire workspace of 64 mm 103 mm of the FLS board

without exchange of the manipulated object between hands.

Passing surgical needles and knot tying

In addition we evaluated the ability of the IREP to pass circular sutues and tie
surgeon's knots. We used standard V-shaped 26 mm needle and @ @ze suture.
The passage of circular needles was not easy due to the limited radat range of the
distal wrist of 60 degrees. Though it was possible to pass a circular suture using
a long series of needle re-grasping, we deem the performance ef HREP for this
task as de cient and new designs to allow full turn rotation in each dection will be
considered. Knot tying was completed after manually placing the cutar needle in
a goretex tube. The IREP was able to easily triangulate to its targezone and the
knot tying was achieved easily. The grippers were also able to exciganthe needle
successfully despite the limited rotation of the wrist. Figures VI.7, 8, and VI.9

show sequences of images depicting the experiments.

Conclusions

SPAS presents challenges that require unique designs of surgicavides with
large workspace and enhanced dexterity in small and con ned sgac The IREP
system meets these requirements and, to the best of authoradwledge is the smallest
existing robotic system for SPAS that requires a single incision of15 mm. The
IREP's 24 controlled axes are able to deploy two 7 DoF continuum manifators
equipped with wrists and grippers and a 3 DoF stereo vision module.

This paper presented the telemanipulation framework, kinematic naeling, and
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Figure VI.7: Sequence of pick and place using the dexterity peg bdar

redundancy resolution of the IREP system. The qualitative evaluain and demon-
stration revealed that the current integrated system is capablefaompleting key
laparoscopic tasks. Because the IREP is compact, it can be lockeulthe surgical

bed facilitating quick reorientation of the patient during surgery. Tis capability

Figure VI.8: Sequence of pick soft object swap between hands
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Figure VI.9: Sequence of knot tying under bimanual telemanipulation

eludes existing commercial systems, which use stand-alone slaveote next to the
surgical bed. The IREP thus o ers key advantages in terms of sgb time, dexterity,
reduced operating room footprint and ease of changing the pattensurgical pose.
Because it requires only one small 15mm incision, the IREP is expected to minimize
patient trauma, pain, recovery time and complications such as wodnnfection and
incisional hernia. These bene ts remain to be validated in future clina evaluations.
Experiments demonstrated successful completion of knot tyingxchange of small
and large objects between hands, and delicate pick and place taskbe experiments
revealed that the limited axial rotation of the wrists 60 hindered successful comple-
tion of circular suture passing. In future designs, the wrists will all@ for full rotation

of the grippers.
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Figure VI.10: Overview of the TURBT procedure. The resectoscepis inserted
through the urethra to access the bladder.

A Telesurgical System for Transurethral Resection

of Bladder Tumors (TURBT)

This section presents the integration and preliminary ex-vivo evaltian of a sys-
tem for bladder surveillance and intervention. The design presemwten [35] is, to the
best of the author's knowledge, the rst robotic slave for TURBT srveillance and
intervention. Experimental results include laser delivery, graspingand biopsy in-
side a bovine bladder. Future experiments will evaluate telemanipuianh bandwidth,

repeatability, and accuracy of the system.

Clinical Motivations

Transurethral Resection of Bladder Tumor (TURBT) is an endosqac surgical

procedure that aims for resecting non-invasive tumors inside theinary bladder. In
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2012, the number of newly diagnosed bladder cancer patients anebths were 73,510
and 14,880 respectively [48]. TURBT procedures provide accesslie bladder via the
urologic resectoscope, a device that consists of multiple telescapand interlocking
parts. The inner diameter that is used to deliver instruments and vislization is
typically between 7 and 8 mm. The resectoscope is inserted througjie urethra
to access the bladder as shown in Fig. VI.10. A long, straight instruent and a
laparoscope are inserted through the resectoscope to perfdime tumor removal.
The long straight access channel dramatically reduce dexterity dahe tool tip.
The access constraint only allows for insertion along the resectope and limited
lateral movement that is usually achieved by shifting the resectagpe itself and the
surrounding anatomy. Coverage of the posterior and superior adrant is di cult but
possible. Accuracy of the resection highly depends on the particulanatomy and
surgeon skills. Coverage of the anterior and inferior quadrant istaeved by pushing
on the pubic bone in order to deform the urinary bladder internal wih Note that
this procedure is completely helpless in obese patients where the ainihal fat pre-
vent for reaching the desired shifting. Moreover, one perplexingaivback of current
practice of TURBT is that tumor resection is carried out piecemealrad, therefore,
possibly contributing to seeding other cancer sites [79]. Typically, spicious tissues
is resected in one piece (en-block) to prevent spread of malignaetls. Although en-
block TURBT was recently demonstrated clinically [102], en-block resgon remains
challenging or impossible depending on lesions location and surgeonthiecal exper-
tise [87]. Current devices and techniques prevent the validation ofcéinical standard
for en-bloc resection and acceptance by the Urologic community [17nstruments
limitations such as reduced resection accuracy, lack of intracawitatool-tip dexterity,
and lack of in-vivo feedback do not allow for TURBT treatment improements and

make TURBT outcomes highly dependable on surgical skills.
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In order to address these challenges, we proposed a telesurgsyatem [36] and
evaluated deployment, laser delivery, and biopsy inside an explantbedvine bladder.
Posterior and superior quadrants of the urinary bladder were a@gsreached and key
surgical tasks were performed. On the other hand, the anteriand inferior quadrants
were not easily accessed under telemanipulation control becautéhe inability of the
operator to safely retract the continuum arm inside the resectogpe and accomplish
the desired movement with the deployed portion of the manipulatorin order to per-
form any surgical procedure in these areas of the bladder, thergical slave should
actively assist the surgeon by avoiding the tubular constraint withat a priori knowl-
edge of the task while allowing full control of the remaining DoF. Traitional virtual
xture methods that constraint the robot's end-e ector may not easily exploited in
this scenario because of the fact that the virtual xtures needd be applied to section
of the manipulator only (in this case the rst segment). Furthermoe, these virtual
xtures do not only depend on the particular access channel usdult also on the

insertion depth along the tubular constraint.

Surgical Slave System

The surgical slave of Figure VI.11 is the composition of a linear staged a
dexterous four Degree of Freedom (DoF) continuum manipulatorThe continuum
manipulator has two multi-backbone segments that provide two DoFeach. Each
segment has thre@ush-pullbackbones that allows for bending each segment in space.
A complete derivation of the direct and di erential kinematics of these continuum
structures are given in [94]. For the ease of presentation, in themainder of this
section, the kinematics of the two segments and the insertion s&gs uni ed without

explicit derivation.
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Direct Kinematics

Five coordinate systems are de ned: 1) base frani®q; $o; 209, 2) rst segment
base disk framef R1;¥1; 219, 3) second segment base disk franié&,; ¢»; 2,9, 4) end-
e ector frame fR3; ¥3; 230, and 5) tool framefR4;¥4;249. The position and the ori-

entation of the end-e ector in base frame is given by:

p3= Pl + RY pz+ Rzp3 (V1.30)
RS = RIRIRS: (V1.31)
where
.
PE= 0 0 Qs (VI1.32)

and position and orientation of the continuum segmentspk, , and R{,,, are given
by equations I1.2 and 1I.3.

The direct kinematics of the surgical slave can be easily updated if ad is
deployed through one of its access channels. In this case, theipas of the tools is
given by:

ps=p3+ Ry r.cos rcsin ds (VI.33)

We now de ne two vectors 2 R®andqg 2 R’. The former is calledcon guration
spacevector and includes all the independent variables of the kinematicg@ations
(VI.30) and (VI.31):

= 1 1 2 2 Ons (V1.34)

The latter is called joint space vector and it is de ned as:

0= tha G2 Gz 1 G2 b3 Ons (V1.35)
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Figure VI.11: Kinematics nomenclature of the surgical system. Fiveoordinate
systems are de ned: 1) base framéRg; $o; 200, 2) rst segment base disk frame
fR1;91;2:9, 3) second segment base disk frani,;¥,; 2,9, 4) end-e ector frame

fR3;¥3; 230, and 5) tool framef R4; $4; 249.

where, for segment& = 1;2 and backbones = 1;2; 3, ¢ is given by equation I1.4.

Di erential Kinematics

The end-e ector translational and rotational velocities can be fond as:

V8;3 = Vg;l + Rg V%;Z + R%V%;?, + 1 ]].-;2 R%pg (V|-36)
1 9s= RY I+ R332, (V1.37)
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where vz, and ! ) are the translational and rotational velocities of frameb with
respect to framea written in frame c. The translational velocity of framef 1g, v§,, is
give by di erentiating (VI1.32) with respect to time while the translational velocities
of the rst, vi,, and second end diskyZ, in local coordinate frames is given by 11.10

for k = 1;2. Similarly, angular velocities! 1., and ! 5;3 are given by equation [1.13.
T R I T SR (V1.38)

By de ning -as the rate of change of the con guration space vector , one @n
rewrite the twist of the end-e ector (i.e. (V1.36) and (V1.37)) as:
2 3

vo
R S T (V1.39)
! 8;3

The geometrical arm Jacobian 5y, is the result of three contributions: the insertion
linear stage, and the two continuum segments:

Jam = S1J1 S), e3 (V|-40)

.
wherees= 0 0 1 0 0 0 ,JacobianJy is given by equation 11.16 and trans-

formation matricesS; and S, are given by:

2 3
0 2
s,=§' L FePel g (V1.41)
0 |
2 3
0
s,=§ * %L (V1.42)
0 °R,
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Figure VI.12: Telemanipulation architecture.

Table VI.2: Slave linear velocity parameters

Vmax Vmin p p max min o]

15mm O05mm O05mm 3 30 1 1 3

o

Telemanipulation Architecture

Figure VI.12 shows the telemanipulation architecture of the RDP rott. The
software architecture is composed of telemanipulation tracking rer, redundancy
resolution, con guration space virtual xtures, inverse positionanalysis, actuation
compensation, and the joint-space controller. The architecturss analogous to the
one presented for the IREP in the previous sections. Most of thdgarithms and
functions apply to the RDP robot expect of the master-slave trdeng error, the
redundancy resolution, and the addition of the con guration spae virtual xtures.

Since the RDP has 5 DoF, the master slave tracking errors for pdsi and orienta-
tion are given by equations 111.15 and 111.17. Table VI.2 reports theelemanipulation
parameters for the RDP robot.

Once the desired twist is obtained, the con guration space velocityector is ob-
tained using equation 111.28 and the con guration space virtual xures are applied as
in equation 111.42. Finally, the instantaneous joint space position a& found similarly

as in VI.22.
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Figure VI.13: The experimental setup consists of an explanted hoe bladder, an
external 30 scope, a 6 DoF Sensable Phantom Omni, the robot's actuation unithd
control computer that also provide the vision feedback from themsboard berscope.

Experimental Results
Ex-Vivo Bovine Bladder

The experimental setup is shown in Figure VI.13. Using a resectopeoand a tro-
car to regulate in ation, the robot is inserted trough the bovine uethra and deployed
inside the bladder. An HD berscope is deployed through the additiad trocar to
facilitate telemanipulation and guiding of the robot via a 6 DoF PhantomOmni.
Three tasks were performed in order to demonstrate the capabidis of the surgical

device: 1) laser delivery, 2) biopsy.

Laser delivery

Laser delivery was performed in four di erent areas of the bladded) left side, 2)

right side, 3) top, and 4) bottom. The experiments are shown in Fige VI.14. The
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Figure VI.14: Picture sequence of laser delivery. The laser ber is pleyed through
the continuum manipulator and the end-e ector commanded via thenaster manip-
ulator.

gure shows a berscope view of the surgical slave delivering surgloenergy on the
left side of the bladder. Multiple areas of the bladder were marked waitindigo blue
dye and then targetted with a 0.66mm laser. The picture sequence shows how the
target area (in blue) is progressively reduced by laser delivery. Césgp pictures of
the target areas are shown in Fig. VI.15. The pictures show that thmarked areas

were circumscribed by laser delivery.

Biopsy

Additional experiments were carried out to demonstrate the fe#slity of cancer
resection and biopsy. A 1.8 mm disposable biopsy forceps were delivered through
the third access channel. Tissue was gripped and laser was delivetedesect the
sample as shown in Figure VI.16. The dexterity of slave allows for pivag about
the contact point and successfully completing en-block biopsy/restion. The sample
tissue was successfully extracted from inside the bovine bladderdaaxamined as

shown in Figure VI.17.
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Figure VI.15: Picture sequence of laser delivery result. The bovinéakdder wall was
cut and the target area inspected.

Figure VI.16: En-block resection demonstration.
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Figure VI.17: En-block resection results. The tissues was sucdablg extracted from
inside the bladder and examined.

Constrained Motion Control

The experimental setup of Fig. VI.28 consists of a 7-axes actuatianit, a 2-
segment 5 mm continuum robot, a 250 ml beaker, and Sensable Phantom On{nit
shown). The beaker approximates an in ated average-sized uriryabladder. Target
points on the outer surface of the beaker were marked for tatgey experiments. This
points are placed in thenterior andanterior quadrants, the areas of the bladder that
are not easily reached with conventional urologic instruments anti¢ robot in normal

telemanipulation mode.

CSVF Demonstration In order to validate the e cacy of the resectoscope-based
virtual xture, Algorithm 3 was implemented on the surgical robot d Figure VI.11
and results are shown in Figure VI.18. Figure VI.18 shows the time haty of the con-
guration space vector . Between t = 5s andt = 10s the surgical slave is deplo¥ed
via con guration space control to initial con guration = 60 0 60 180 0

At t = 15s the telemanipulation is engaged and the continuum manipulator is moste

forward and no virtual xture is applied. At t = 25s the slave is commanded to
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retract inside the resectoscope,s < 0. The virtual xture algorithm engages and
1 IS increases according to 111.43. Accordingly, the resolved ratentool algorithm
increases , to mantain the desired orientation specied by the master manipula-
tor. The virtual xture algorithm keeps increasing ; untill the insertion direction is

inverted (t = 355s).

Constrained Targeting In order to test the con guration space virtual xtures
and the constrained redundancy resolution presented in SectioH, Ithe robot was
commanded to reach predetermined points inside thaterior quadrant of the glass
bladder. Points vary between con gurations in which the robot is flly deployed inside
the bladder (points close to the bladdeequator) and points in which the continuum
arm is partially inserted into the urologic resectoscope (points close entry point).
Figure VI1.20 shows the continuum manipulator guided from one targgoint on the
left of the interior quadrant to the right side of the interior quadrant in a partially
deployed con guration. The picture sequence of Fig. VI.20 show®Ww the proximal
segment (partially inserted into the resectoscope) automaticallyomplies its motion
to the tubular constraint while allowing the primary task to be accompshed. During
the motion, the ; degree-of-freedom is autonomously adjusted in order not to vitda
the tubular constraint while the ; degree-of-freedom is freely exploited to accomplish

the primary task.

Constrained Targeting Accuracy In order to evaluate constrained targeting ac-
curacy, the operator was asked to insert a 0.55 mm laser into a 2.4 mm, 1.62
mm, and 0.9 mm tubes respectively. The user was able to target all tubes. &h
clearance between the outer diameter of the laser ber and inneiadneter of the

smallest tube gives a constrained targeting accuracy of betterah 0.35 mm.
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Figure VI.19: The experimental setup consists of a 7-axes actuat unit, a urologic

resectoscope, a 2-segment continuum robot, a 250 ml beakerd dhree tubes with

various diameters. The beaker approximates the size of an avezagjzed bladder
when in ated while the tubes were used for testing targeting accacy.
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Coverage In order to evaluate the ability of the surgical slave to reach the wdie
urinary bladder additional telemanipulation experiments were condited. The robot
was deployed inside the glass bladder model and guidedd9weepthe posterior and
the interior quadrants. A picture sequence is shown in Fig. VI.21. Bm left to right,

each frame shows the continuum manipulator covering progresdivéne posterior and
interior quadrant. The posterior quadrant is reached with the robt fully deployed
and the insertion stage at its maximum insertion depth. In this casedth segments
are free to move in any direction and both primary and secondary s&s can be

accomplished.

Conclusions

The preliminary results demonstrated the ability of the proposed twot to com-
plete critical surgical tasks required during TURBT. These tasks rlude: surveil-
lance, energy delivery, biopsy, and resection of cancerous aredisthe current state,
the main limitation of the robot is the on-board 1.2 mm berscope pratype with
embedded light source. The limited cross section requires a tradebetween bers
used for visualization and bers used for illumination. Although, the berscope was
useful to examine tissue and maneuver the end-e ector locally ohé tissue, its short
focal distance does not allow one to use it for gross motion. Enerdglivery to the
superior, anterior, and posterior quadrants was successfullyrdad out. Figure 5
shows pictures of some of the targeted area. The bovine bladdessacut after the
experiments and the targeted areas examined. The slave manipuaagllows for the
delivery of a standard 1.8 mm biopsy forceps. The biopsy forceps alfor grasping
and removing large areas of tissue using the laser. By pivoting abailie contact
point, it is possible to ablate larger areas than using the forceps onlfigure VI.17

shows the slave manipulator grasping the resected tissue outsidhe toovine bladder.
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Figure VI.20: Image sequence of constrained targeting in the inter quadrant. The
rst continuum segment is partially retracted inside the resectosape. Its motion is
autonomously limited by the con guration space virtual xture while allowing for the
completion of the task.

Figure VI.21: Picture sequence of bladder coverage. The slave npatator, under
telemanipulation control, is guided to cover progressively the poster and interior
guadrants. The manipulator goes from a completely deployed corugation to a
completely folded con guration into the urologic resectoscope.

The tissue sample was pulled out along with the slave manipulator at thend of the
procedure. The size of the resected tissue is larger than convenal samples that can
be obtained with biopsy forceps alone. The size of the tissue is comgzhnext to a
one dime of 18 mm. Future designs will improve dexterity in the inferioquadrant by
adding a wrist at the end-e ector. Additional research will focus o depth controlled
resection, enforcement of safety telemanipulation zones (virtluxtures/active con-

straints), and on detailed clinical evaluation of the bene ts of robtic assistance for

transurethral resection and surveillance.
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A Telesurgical System for Transnasal Microsurgery

of the Throat

Introduction

Minimally invasive surgery (MIS) of the throat demands innovative deices ca-
pable to harmoniously conform to the narrow and elongated anatgnof the upper
airways. The bene ts of MIS of the throat, however, come at a jgze of limited ac-
cess, visualization, and depth perception, lack of tool dexterityeduced precision,
and ampli ed tremor due to elongated surgical tools [42]. To improveobl dexterity,
researchers and surgeons investigated the use of robotic assise. In [97], the au-
thors presented a dual-arm robotic system that ts conventionlalaryngoscopes. In
[40, 58, 109], the authors investigated the use of the daVinci siogl system (Intu-
itive Surgical, Sunnyvale, CA) to treat tumors in the upper airways. Recently, in
[82], the authors presented a highly-articulated exible robot with mmbedded vision
and tool-delivery channels.

All the aforementioned robotic systems access the larynx tramsally using either a
retractor, a laryngoscope, or a curved guiding channel. Thesevites limit the robot's
workspace, prevent optimal triangulation, and are associated viittcomplications such
as tongue edema, nerve injuries, and sore throat [40, 69, 58]. the&rmore, TO
access imposes the use of general anesthesia during any surgioatedure, thus,
increasing the risk of additional complications (i.e. delirium and cardiaiofarcts [58])
and preventing some patients from undergoing surgery [21, 91]. &lmandatory use
of an operating room (OR) also prevents cost reduction for sewtrsimple, highly
recurrent procedures that could be performed in-clinic under lokcanesthesia in favor
of lower cost and patient's comfort.

In this section, we propose a robotic system (Fig. VI.22) for transasal (TN)
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Figure VI.22: Top: overview of the anatomy. Middle: The exible robdic stem and
a 4 mm bronchoscope are deployed to the larynx through the nasalvity. Bottom:
The robotic end-e ector carries a needle for vocal fold repair aral1.2mm berscope.
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access to the throat. This approach eliminates most of the shoaimings of TO
surgery. To the best of the authors' knowledge, the earliest woron robotic TN
access was presented in [47] where the authors proposed a exibiee-actuated end-
e ector. The present work builds upon this idea and proposes a cpiete solution to
fundamental challenges such as safe and rapid access into thetamy [4], enhanced
intra-corporal dexterity [97], force feedback [117], tool deliverand visualization.
The contribution of this section is in presenting the design, the cordl architec-
ture, and a pilot evaluation of a dexterous tele-operated end-ecéor for o ce-based
TN micro-surgery of the throat. The end-e ector is composed adboth active and
passive multi-backbone continuum segments. We propose the maetl kinematics
and actuation compensation required to control the passive andtae segments. A
hybrid motion/compliance controller assists the surgeon during thensertion phase
by actively complying to the unknown environment while allowing the opator to
control the insertion depth and speed. The robot is evaluated in aanatomically cor-
rect model and a mockup vocal nerve paralysis treatment is perfoed. We believe
that this system will enable low-cost o ce-based treatment of common head and neck

surgical procedures.

Clinical Motivation

Trans-oral MIS of the throat is preferred over open surgery lsause it preserves
the integrity of the laryngeal framework, eliminates visible scars,rpmotes faster
recovery, and in many cases overcomes the need for tracheosto However, these
advantages come at a price of limited access, visualization, and degierception,
lack of tool distal dexterity, ampli ed tremor due to manual elongaed surgical tools,
limited precision, and a requirement for advanced hand-eye coordiron.

The use of the endotracheal tube and the laryngoscope has alseb associated

163



with several complications such as airway stenosis, coughing, gagg laryngospasm,
hypertension, and tachycardia [40, 69, 58] and require the mandey use of gen-
eral anesthesia. General anesthesia is associated with additionaimplications such
as postoperative delirium, myocardial depression, and temporargnal dysfunction.
Additional attention is required for patients with heart, circulatory, or nervous system
problems and elderly patients [21, 91] that often are not consideresafe candidates
for the surgical procedure.

The mandatory use of the OR prevents cost reduction for some gia and recur-
rent head and neck procedures. For example, laryngeal nerverggsis, which is the
injury of one or both of the nerves that allow the vocal fold to closes a common
complication of the use of organ suspension devices. As a result thatient has di -
culty to speak and swallow. The most common treatment is the injeicin of collagen
(Fig. VI1.23) into the paralyzed side of the larynx. The treatment, lowever, is only
temporary since the collagen is absorbed in about 6 to 12 months atite patient
needs to undergo surgery repeatedly. The injection can be acladweither through a
laryngoscope or percutaneously. The former approach allows @s® targeting of the
paralyzed vocal fold since the surgeon is able to guide the needle tipder a micro-
scope. The latter approach require the vocal fold to be punctulethrough the side
of the neck and the cartilages making needle targeting di cult and impecise (and
sometimes requiring multiple needle punctures in order to reach tharget). The
reimbursement cost of vocal nerve paralysis treatment via injaonh of collagen in the
OR is estimated as 2,505 as opposed to496 when using an o ce-based percutaneous
approach [12].

Robot-assisted TN treatment of vocal fold paralysis would bene t1) the surgeon

(providing sub-millimetric precision, enhanced visualization, patient'$eedback, and
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Figure VI.23: Procedure overview for the treatment of vocal folaherve paralysis.
Collagen is injected into the paralyzed side of the vocal fold in ordeo ttlose the gap
between the vocal fold lips and allows for proper speech and swallogein

an ergonomic console), 2) the patient (leading to fewer complicatignfaster recov-
ery time, and more comfortable o ce-base environment), 3) the éalthcare system
(allowing higher throughput while reducing cost). This approach is ewmistent with

conventional practice of TN deployment of ber nasopharyngedaryngoscopes, local
anesthesia, and vaso-constricting agents that reduce patientisscomfort and risk of

bleeding.

The Telerobotic System

The robotic system is composed of a dexterous 5 DoF continuum nigulator (Fig
VI.22), an actuation unit (Fig. VI.24), a Sensable Phantom Omni, an Acension 3D
Guidance trakSTAR 2 with at metal immunetransmitter, a 4 mm bronchoscope,
and a 1.2 mm berscope (Fig. VI.22). The actuation unit has seven conttied
axes (Fig. VI.24) of which six control the two continuum segmentsra one controls
the insertion depth into the nasopharyngeal tube (Fig. VI.22). Aditional sensors
include load cells for monitoring actuation forces and potentiometerfor redundant
positioning information.

The system can operate in bothpassive and semi-active modes. The passive
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Figure VI.24: The actuation unit consists of a linear stage for stem $ertion, six pis-
tons for the continuum segments actuation, potentiometers fdroming and redundant
positioning information, and load cells for force sensing and compliamtsertion.

mode is based on a standard telemanipulation architecture whereetloperator guides
the end-e ector via a master manipulator (the Phantom Omni) while bserving en-
doscopic images provided by then-hand berscope. The semi-active mode is used
to reach the surgical site. During the semi-active mode the surgecommands the
insertion depth while the continuum manipulator autonomously comple with the
anatomy using a variation of the compliance motion controller rst pesented by

Goldman et al. [4].

The Surgical Slave

The surgical slave is composed of a exible passive stem and two aetsegments
(Fig. VI.25). Each 5 mm segment is composed of four super-elastic NiTi backbones
(one central and three secondary ones) that provide two DoF rfdending in any
direction. An additional DoF is provided by the linear stage (Fig. VI.24, which
controls the insertion of the base of continuum arm. The robotic ar has three

1.8 mm lumens that allow for the deployment of surgical instruments.In order
to compensate for the unknown shape of the passive segment staained by the
nasopharyngeal tube (Fig. VI.22), a 0.9 mm 6 DoF electro-magnetic sensor is

attached to the base of the two-segment continuum robot. The etal immune at
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Figure VI.25: Kinematics nomenclature used in this section.

transmitter makes the system robust to surrounding metal andasy to place under
the patient's head.

Five coordinate systems (Fig. VI.25) are de ned to describe the dict kinematics
of the surgical slave: the world framé,, de ned by vectorsfRy; $w; 2w0, the frame
attached to the exit of the nasopharyngeal tub&, de ned by vectorsf Ro; $0; 209, the
base frame of the actively bending continuum robds, de ned by vectorsf®;$1; 210,
the base frame of the second segmeBt de ned by vectorsf X;; §»; 2,9, and the end
e ector frame B3 de ned by vectorsf %3; §3; 230.

The position and orientation of end-e ector frameB3 in By may be described by

the following augmented con guration space vector:

= 1 1 Gs 2 2 3 3 (V1.43)
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where, gns is the insertion depth and anglesy and  are de ned similarly for the
passive segmentk = 1) and active segments K = 2;3) as depicted in Fig. VI.25.

Using , the position and orientation of frameB3 in By is given by:

%p3= %p1+ °R; 'po+ 'R,%ps (V1.44)

‘R; = °R;!R,%R; (V1.45)

where 3

2
cos(k)(sin x 1)
k

sin( ) (sin x 1) (VI1.46)
COS
“ IRy = Rot( ;2)Rot( ;9)Rot( «;2): (VI.47)

with: L; = gns, L2 and L3 being the lengths of the rst and second active segments,

k= k 3, and operatorRot(a,b) being the rotation matrix about axis b by angle
a. Note that, since the rst segment is passive,; and ; are not directly controllable.
In the remainder of this work we assume that; and ; and the origin of frameB;
are measured by a magnetic tracker (the position and the orieniah frame B, is
known). Hence, the forward kinematics is easily calculated using and ; and B;
along with joint valuesg;i = 1::6.

The con guration space vector relates to the joint space vector as

a( )= gns 92( )" as( )’ (V1.48)

where g, and gz are the amount of pushing-pulling on the secondary backbones of
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active segments 2 and 3 [96]. In particular:

2
1€0s(2)  0C0s(o)
Q2:r§ 1€0S(2+ ) gcos(o+ ) % (V1.49)
1C0S(2+2 )  ocos(o+2 )
2 3
cos (2)
Qs =1 zg cos(o+ ) % (V1.50)
cos(,+2 )
q__
0= =2 atan2 R%+ R%;Ra (V1.51)
o= atan2 (Rqs; Ri3) (VI.52)

where =2 =3, r is the radial distance of the secondary backbone from the center
of the base disk, o = o =2, 1= 1 =2, andR; is elementij of rotation
matrix “R; obtained from the magnetic sensor placed at the base of rst acév
segment. Note that angles, and ( allows us to work in local frameB, decoupling
the kinematics of the distal active and passive segments from sleapariations of the

passive stem.

Control Architecture

Figure VI.27 shows the complete control architecture of our telesgyical system.
Control inputs and electro-magnetic orientation information are bth received at 125
Hz over the Local Area Network while encoder and actuation forsggnals are sampled
at 1 kHz and 5 kHz respectively. The conventional hybrid motion/cmpliance control
is adopted in which two separate controllers independently provideation and com-

pliance control commands. However, the hybrid motion/complianceontrol approach
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is adapted to our continuum robot by decomposing the control tksin con guration

space rather than in task space. The projection matrices and ensure that the
control commands are projected into sub-spaces for motion armdmpliance control.
Joint-level commands to the actuators are then obtained throdmthe inverse position
of the continuum manipulator and the required model-based actu@in compensation.

The following details describe the speci ¢ implementation of our appach.

Compliance Control Compliance Motion Control (CMC), as rst presented in
[4], allows multi-backbone continuum robots with intrinsic actuation sesing to au-
tonomously steer away from constraints withoua priori knowledge of the contact nor
the external wrench. In the following, the CMC control law proposd in [4] is modi-
ed in order to use only information about actuation forces senseoh the most distal
segment. This control law allows the robot to actively comply to the iccle-shaped
nasopharyngeal tube. If actuation force information on the send active segment is

available, the actuation force error is de ned as:

o= 3 3 (V1.53)

where 3 are the expected actuation forces [95] and; are the sensed actuation forces
acting on the third segment respectively. We now project the acation force error,

e, INtO the con guration space of the distal segment obtaining theaneralized force
error [4]:

fe; = 35 e (V1.54)

wherelJ, is the Jacobian matrix that relates the con guration space velocitgto the
joint space velocities [96].

Hence, the desired con guration space velocity vector that steethe robot away
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Figure VI1.26: Telemanipulation mapping between the robot's end-eaor, the master
manipulator and the berscope view.
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Figure VI1.27: Control architecture of the telesurgical system.

from the unknown contact is:

= K e, (V1.55)

whereK , is the con guration space sti ness matrix of the second segment][dnd

31
01010
8 £

(V1.56)

00101

Note that, (VI.55) is a simpli cation of the algorithm presented in [4] br multiple

segments. In the case of TN insertion, assuming an overall circuldrape of the entire
manipulator, both segments need to bend by the same angle in ordeass through
the nasopharyngeal tube. The e cacy of this control law is demastrated in Section

VI.
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Motion Control Telemanipulation of the surgical slave is achieved by de ning a
mapping between the movement of the master's end-e ector antie¢ desired motion
directions in the berscope image space as shown in Fig. VI.26. Beesauof the
di culties in accurately controlling the two active segments and the lmg unknown-
shaped passive stem, it was chosen to map the movement of the Rioan Omni to
only 3 DoF of the most distal segment: 1 DoF of insertion and 2 DoF dfending
(as in a conventional bronchoscope). Therefore, once the roh® inserted, the rst
segment is bent (; = 60 ) in the direction of the vocal folds (; = 0 ). The user
advances the robot in the direction o#; (insertion) and tilts about axes®; and §; in
berscope-attached frame. The berscope-attached frame iglated to B3 by a known
xed rotation. This movement in image space is rst mapped to the meement of the
master stylusfRnm.; ¥m.; 2m.g and then to the movement of the distal segment frame
fR3; $3; 259 (Fig. VI.26).

The desired position and orientation of distal segment are given adléws:

2 - 2 2
p3;des - p3;curr + R3;curr pdes;master (V|-57)

ZR3;des = 2R3;(:urr RT R des:master R (VI.58)

where matrix R de nes the transformation between the camera-attached fraenand
the master's stylus (Fig. VI.26). Once the desired pose is computdatie desired twist
t4es IS cOmputed as described in [6] and the desired con guration spacgocities are

obtained as follows: 3

2
Gns
E %z( J DMt ges (VI.59)

-2
-2
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In (V1.59), J, is the Jacobian matrix of the distal segment [115]:

2
0 Lgc, 2€, %5 P Lzsz(zz 1)
0 Los,2zfart a2 1)
1 L2 % 0
J,= 2 ; (V1.60)
0 S, c,c,
0 C, s,C,
0 0 1+s,

matrix  transforms the desired twist into gripper frame

2 3
2RT 0
=§ Teen £ (V1.61)
0 2F2-:g;CUI‘I’
and selection matrix de nes a desired subtask
2 3
001000
250001003 (V1.62)

000O01O0

In this case, matrix selects the third, fourth, and fth rows of the Jacobian matrix

allowing to control only 3 DoF: translation alongzs and tilting about x3;y3. As a

result, we only invert a square 3 3 matrix and control only the desired DoFs.
Finally, the augmented desired con guration space velocity vectois given as

follows:

“m= g 0 0 5 - (V1.63)

Projection Matrices Depending on the operational mode (insertion or telemanip-

ulation) the con guration space can be partitioned in directions in which motion
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needs to be controlledT, and directions in which compliance needs to be controlled,
C. Similar to wrench and twist systems in the hybrid motion/force contol formu-
lation, [33], these two spaces] and C, are orthogonal and their sum returns the
con guration space (T - C = ). ltis, therefore, possible to construct two pro-
jection matrices, and , that project desired con guration space velocities into the

motion spaceT and into the compliance spac€:
=T 77777 (V1.64)

= (V1.65)

whereT isa5 m matrix in which its columns de ne a base ofl and superscripty
indicate the pseudo-inverse. For example, in the case of compliansémntion, con g-
uration variablesgns, 2, and 3 will be position-controlled while variables ,, and 3
will be compliance-controlled allowing the segment to adapt to the spa of the nasal

conduit. Hence, matrixT is de ned as:

2 37
1 0000
ngo 010 o% (V1.66)
0 00O001
Actuation Compensation The desired joint variables are computed using the

theoretical kinematics model and the model-based actuation compsation of Xu et

al. [114] is used.
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Figure VI.28: The experimental setup consists of a5 mm continuum robot with ex-
ible actuation lines, a 34Fr nasopharyngeal tube, a Nasco AMBU irbation trainer,
an Ascension Technology trakSTAR 2 with at transmitter, one 0.9 mm magnetic
coil, and an ATI Gamma force/torque sensor.

Experimental Evaluation

Rapid Deployment

Rapid deployment of the surgical end-e ector was evaluated withhe experimen-
tal setup shown in Fig. VI1.28. The setup consists of a 5 mm continuum robot
with exible actuation lines, a 34Fr nasopharyngeal tube, a NascoMBU intubation
trainer, an Ascension Technology trakSTAR 2 with at transmitter, one 0.9 mm
electro-magnetic sensor placed at the base disk of the continuuobot, and an ATI
Gamma force/torque sensor. The Nasco trainer provides a realssanatomical model
of the upper airways with a clear side to allow for inspection. The nasbaryngeal
tube is inserted through the right nostril.

Ten insertions where performed and insertion time and forces etest on the man-

nikin were recorded. The robot was guided to straight con guratio prior to each
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experiment and the stem was lubricated in order to reduce frictionsashown in the
Multimedia Extension.

The average insertion time to reach the pharynx was 5.&/range 4.32s - 11.05s).
The start and nal times of the insertion were manually extracted ér each trial from
the time history of the forces exerted on the ATI Gamma sensor ahown in Fig.
VI.29. The average maximum insertion forces in the x, y, and z diraohs were 0.855
N (range 0.648 N - 1.219 N), 2.685 N (range 2.407 N - 3.144 N), and 4.5N1
(range 3.743 N - 5.396 N) respectively.

Targeting in Deep Surgical Sites

In order to evaluate the ability to perform a teleoperated injectionof the vo-
cal folds, the robotic end-e ector was inserted into the Nasco @&ner and six pre-
determined points on the true vocal folds were targeted.

The surgeon was given the onboard berscope view and was askedguide the
robot using a Phantom Omni as shown in Fig. VI.30. The end-e ectoneedle was
directed to touch three points on the right fold and three point onhe left fold as shown
in Fig. VI.31. The surgeon had no previous experience using our tel@nipulation
system. The experiment was conducted after only a 15-minute treng where the
surgeon was introduced to the instrumentation and the telemanipation mapping.

As shown in Fig. VI.31 and in the Multimedia Extension, the surgeon waable to
direct the needle toward all the predetermined points, reaching ¢éhtargets without
prolonged readjustments of the robot end-e ector's orientatio. The most challenging
points were the bottom right and left areas of the true vocal fold écause of the
unnatural high sti ness of the epiglottis. However, by inserting bth the needle and

the ber further and re-orienting the robot both targets were siccessfully reached.
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Figure VI1.29: Experiment #1's time history of the insertion and extraction forces
exerted on the ATI Gamma sensor.

/ Actuation unit ‘ ‘ trakSTAR receiver‘

Nasco AMBU trainer ‘ Fiberscope viev+/

/

Field generator‘ ‘ Phantom Omniw

Figure VI1.30: Experimental setup for the targeting evaluation. Tle surgeons guided
the surgical slave using a Sensable Phantom Omni and the image pdad by the
onboard berscope.
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Figure VI.31: Picture sequence of the surgeon targeting pre-e@emined points on the
true vocal folds using 2D vision through the onboard berscope.dp row: view from
the additional HD endoscope. Bottom row: view from the onboardberscope.
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Cadaveric Evaluation

This section presents a cadaveric evaluation of the insertion prattee and feasi-
bility of reaching the voice box in human anatomy. The experimentalesup (Figure
VI.31) consists of the continuum robot, a female cadaver, a 34 Fasopharyngeal
tube, the trakSTAR 2 at transmitter, a 4 mm bronchoscope, a 1.2 mm on-board
berscope, and a visualization tower. The control architectureun at 1 kHz while the
commands from the master manipulator are sent at 125 Hz using UDd&ver LAN.
Five cadavers were obtained through the Vanderbilt Anatomical Dmation Program, 3
females and 2 males. After the inspection of the nasal conduct,glinx, and larynx,
only one cadaver was selected for the study. The other four wedesscarded because
the internal organs were not well preserved or the nasal condweas obstructed. The
cadavers upper airways were then irrigated using water and all d&bwas then remove
using a suction device. The nasal conduit was sequentially expandesing di erent
sizes of a nasopharyngeal rubber tube up to 34 Fr. The continuurobot was then
inserted through the nasopharyngeal tube after proper lubriti@n of the te on stem.
Under compliant motion control, the continuum manipulator easily reehed the end
of the nasopharyngeal tube (Figure V1.32) and entered the larynright in front of
the epiglottis. The controller was then switched to telemanipulation antrol and the
tip of the continuum manipulator was steered on the left. Manual irextion allowed
the robot to pass the epiglottis. Using visual information through e bronchoscope,
the end-e ector was rst directed toward the voice box and theninserted further to
reach the vocal folds. Figure VI.33 shows the voice box from the-tsward berscope.
Independent insertion of the scope allowed to examine the vocalde. A exible
needle was then deployed through the remaining working channeldathe left fold

was punctured as shown in Figure VI.34
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Figure VI.32: Experimental setup of the cadaveric evaluation of iestion and target-
ing of the voice box: 1) robots actuation unit, 2) cadavers head) 8aksSTAR 2 at
transmitter, 4) bronchoscope, 5) visualization station, 6) surgen.

Discussion

The pilot experiments described in this section demonstrate safeatrs-nasal ac-
cess to the throat, the ability to reach the voice box, and the fedslity of some
micro-surgical procedures. Future experiments will focus on demstrating key mi-
crosurgical procedures in cadavers and other commonly used tmaical models in
head and neck surgery.

The exible robotic e ector was easily inserted through the nasal avity using a
hybrid motion/compliance controller with an average insertion time 06.87 s (range
4.32 s-11.05 s). Following proper lubrication of the nasopharyngeal tube, minimal
forces are exerted onto the anatomy allowing safe and confornafeployment of
the surgical robot. The compliance insertion algorithm originally propsed in [4] and
applied in this paper to reach the voice box through the nasal cavitglemonstrates
the need for intelligent surgical slaves able to assist the surgeonngsa new set of

sensory information that state-of-the-art surgical robotic sstems do not provide.
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Figure V1.33: Image sequence of the insertion from the auxiliary bmehoscope in-
serted through the second nostril. The tip of the robot emergesoim the nasopha-
ryngeal tube, bends down to avoid the epiglottis, and continues ¢hnavigation of the
upper airway cavity to reach the voice box.
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Figure VI.34: Image of robots needle puncturing the left vocal fold

The deployment of needles, exible berscopes, laser bers, anddpsy forceps
already provide a minimal set of surgical instruments that could efde selected in-
o ce surgical procedures such as collagen and steroid injectionjopsies, and laser
energy delivery. The surgeon is provided with a multi-purpose platfim for both
diagnosis and intervention. The proposed surgical end-e ector siitable in size for
operating in narrow spaces such as the larynx and its capabilities che augmented
with the installation of distal grippers and wrists [97]. Furthermorethe insertion of
an additional arm through the second nostril would enable dual-arroperations such
as resection and suturing in con ned space.

Although the preliminary evaluation presented in this paper shows gpromising
use of continuum robots for deep surgical intervention, it also ops new technological
challenges in terms of design, modeling, and control of these robotOptimization
algorithms are needed for the design of such robots in order to niawze the reachable

workspace in unstructured environments. An accurate model afctive and passive
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segments in whole contact with exible environments would improve temanipula-
tion accuracy and bandwidth. Although the human-in-the-loop argitecture allows
for successful maneuvering, control algorithms that use bothtimsic and extrinsic
sensory information such as the one proposed in Chapter |l areegied to compensate
for unknown contacts, friction, and calibration uncertainties.

The goal of the cadaveric evaluation was to demonstrate the intien procedure on
real human anatomy and the feasibility of reaching the voice box. Albugh some of
the organs were collapsed (i.e. the epiglottis) and the surroundings$ues sti because
of the preservation process, the continuum manipulator was able havigate the upper
airways and reach the vocal folds. Once there, instruments suak a berscope and a
exible needle were deployed and operated. This experiment demtase the e cacy
of the compliant insertion algorithm in assisting the surgeon during # deployment
phase and the exibility of the control architecture in switching betveen semi-active
and passive modes in order to steer away from anatomy.

The mobility of the end-e ector remains, however, limited due to inadquate travel
of the actuation pistons. As already shown by the inanimate modelhé large de-
ection of the te on stem require consist compensation along the cauation lines.
However, as shown in the last two photograms of Figure VI.32 the @ ector was

able to cover the entire length of the vocal fold

Conclusions

In this section, we presented the rst integrated system for tras-nasal micro-
surgical intervention of the throat. This approach has severaldwantages over the
traditional TO minimally invasive techniques in terms of complications, ast, and
setup time. The TN approach does not require devices such as theylegoscope

or a retractor and allows the procedure to be conducted under licrather than
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general anesthesia. The elimination of general anesthesia redqucemplications and
allows more patients to be considered for minor and major head anéak surgeries.
Furthermore, some surgical procedures could be performed in ace-based setting
rather than in a fully equipped OR decreasing reimbursements by alsto80%. The
proposed system demonstrated rapid and safe insertion into urdwn anatomy and
the ability to perform key surgical task such as drug delivery and tW deployment
(needles, berscopes, biopsy forceps, laser bers). The evalioa presented in this
work provides critical design parameters for future revisions su@s required actuator

stroke, optimized segments lengths, and actuation compensation
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CHAPTER VII

CONCLUSIONS

Summary of Findings

Pioneering surgical paradigms such as Single Port Access Surgeng &Natural
Ori ce Translumenal Surgery demand for intelligent surgical slavethat are both an
extension of the surgeon's hand and an enhancement of the sungs senses. Tradi-
tional rigid-link robotic structures are unable to provide scarlesscaaess to the body
while providing operators with enhanced intracorporeal dexteritysensory presence,
situation awareness, and methods to handle access and anatoramnstraints. Con-
tinuum robots o er an opportunity to overcome these limitations beause of their
innate exibility and ability to conform to unstructured environment s, improve dex-
terity, sense forces, and reach deep surgical sites along todsgaths. Future surgical
continuum robots designed to meet the challenges of NOTES and SPavill require in-
telligent algorithms and methods to allow for safe interaction with thenatomy along
their entire structure, detect collisions, estimate contacts, aw or exploit constraints,
and exchange forces while guaranteing responsiveness, acgyi@ed maneuverability.

This doctoral dissertation proposed methods that address thefamementioned
technological and theoretical gaps. These algorithms were evateh on state-of-the-
art surgical systems for single-port laparoscopy, transuretair bladder intervention,
and trans-nasal microsurgery of the throat. These robotic siggsns were evaluated on
key surgical tasks in plastic, ex-vivo, and cadaveric models.

In Chapter Il algorithms for motion control of multi-segment cortinuum robots

were presented and evaluated. Firstly, a tiered controller that @s both intrinsic and
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extrinsic sensory information was discussed. The dual-feedbagklatecture (con g-
uration and joint space) allowed to conventional PID controllers ash model-based
actuation compensation. The control law was implemented and evalied on a three-
segment multi-backbone continuum robot. Secondly, a complete star-slave telema-
nipulation framework was presented. The framework includes di ent master/robot
mappings, pose-to-pose interpolation with error-based velocitygles, redundancy
resolution for three, two, and one segment continuum robots, @uration resolved
motion rate, and di erent actuation compensation schemes. Theoatrol architec-
ture was implemented on the Insertable Robotic E ectors Platfornr{IREP) and the
Rapidly Deployable Robotic Platform (RDRP). These control schengewere uses in
multiple evaluations in ex-vivo and cadaveric models. Finally, a constreed mo-
tion control algorithm is proposed to address telemanipulation in comed spaces
and access-based constraints. We proposed the enforcemenvidual xtures in
the con guration space of the robot manipulator exploiting lower dirensionality and
allowing to constraint di erent sections. The constrained motion algrithm was evalu-
ated on the RDRP demonstrating complete coverage of the urinabfadder otherwise
impossible with conventional control schemes.

In Chapter IV algorithms for collision detection and estimation of cotact loca-
tions along multi-segment continuum robots were presented andadwated. Firstly,
a collision detection method that uses actuation force sensing andrst order static
model of the continuum is discussed. The deviation between the nwmral and the
current actuation forces allows to discern dynamic and static collisis. Secondly, a
kinematics-based method for collision detection is presented. Thesthod uses both
extrinsic sensory information and the kinematic model of single- andulti-segment
continuum robots. Collision is detected by monitoring the deviation bereen the the-

oretical and the actual screw motion of each end disk. This methadlows to discern
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multiple collisions, applies to n-segment continuum robots, and autaatically reveals
which segment is in contact with the environment. Finally, a kinematic®ased esti-
mation of contact location is proposed. The use of extrinsic sengonformation and a
constrained kinematic model allows to estimate the arc-length logah of the contact
along the primary backbone via a minimization strategy. Experimentdemonstrated
that the algorithm is able to identi es contact with an uncertainty equals to 20 % of
the segment length.

In Chapter V an adaptation of the classic hybrid motion/force contoller for con-
tinuum robots is presented and evaluated. The dual control inpst(force and motion)
are merged in the con guration space of the manipulator using botdi erential in-
verse kinematics (motion) and the con guration space compliance atrix (force).
By producing consistent con guration space commands, the in& position of the
manipulator is used along with model-based actuation compensationethods and
feed-forward force-inputs. The framework was evaluated on &ngle segment con-
tinuum robots suitable for NOTES surgery. Firstly, force regulatio experiments
were conducted. The experiments demonstrated the ability to estate and regulate
forces at the tip of the robot. The controller's performances arged to the intrinsic
force estimator's sensitivity and accuracy. Secondly, force-tdgted shape estima-
tion of unknown exible environments was demonstrated. The hyld motion/force
controller was embedded into the telemanipulation framework of Cpéger 111 and un-
known shapes were estimated using both force and position infortiea obtained from
the force estimator and an electro-magnetic sensors placed aetlip of the robot.
The force controller ensured that the probe maintained contactiti the tissue phan-
tom. Finally, force-regulated sti ness estimation of unknown exildle environments
was conducted. Force and position data from subsequent scanshvdi erent forces

were compared and a linear sti ness model was used to produce angss image of
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the explored workspace. The experiments demonstrated thatithstrategy allows to

discern change in sti ness.

Future Research Directions

This doctoral dissertation complements previous works that prade continuum
robots with the ability to act as sensors as well as surgical interveéon platforms.
Simaan et al. [96] proposed a novel design, the kinematics, and thatiss of a multi-
backbone continuum robot. Xu investigated the intrinsic force semg capabilities of
these devices along with the validity of the circular bending-shape sasnption and
model-based actuation compensation. Goldman proposed algoritiior shape and
sti ness estimation in compliant environments and a method for comiant insertion
of multi-backbone continuum robots.

This doctoral work lays the foundation for future research on siation awareness
and exploration of surgical continuum robots in compliant environnrgs. The colli-
sion detection algorithm was paired with a constrained Extended Kalam Iter for
registration of surgical continuum robots to compliant environmets [101]. Future
work will integrate information from the contact estimation algorithm and the force-
regulated shape and sti ness exploration. This additional informabn will improve
the performance of the probabilistic registration to pre-operater model. In future
developments, the sti ness imaging will be used to construct onlinertual xtures
in order to improve safety and resection of tumors accuracy. Hgild motion/force
control based sti ness characterization will enable autonomousr semi-automated
palpation in deep surgical sites, exploration of hidden cavities, anddalization of

vital features such as veins, arteries, or conduits.
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