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ABSTRACT
Surgeons increaingly need to perform complex operations on extremely small anatomy Many
promising new surgeries are effective, but difficult or impossible to perform because humans lack
the extraordinary control required at sub-mm scales.Using micromanipulators, surgens gain
better positioning accuracy and additional dexterityas the instrument smootles tremor and scales
hand motions. While these aids are advantageous, they do naictively consider the goals or
intentions of the operator and thus cannot provide contex-specific behaviors, such as motion
scaling around anatomical targes, prevention of unwanted contact with pre-defined tissue areas
and other helpful taskdependent actions

This thesis explores the fusion of visual informationwith micromanipulator control and builds a
framework of task-specific behaviors that respond synergistically with surgeo@ intentions and
motions throughout surgical procedures.By exploiting reaktime microscope view observations, a
priori knowledge of surgical procedures, and pe-operative data used by the surgeon while
preparing for the surgery, wehypothesize thatthe micromanipulator can better understand the
goals ofa given procedure and deploy individuaized aids in addition to tremor suppression to
further help the surgeon. Specifically, we propose a visiobased control framework of modular
virtual fixtures for handheld micromanipulator robots. Virtual fixtures include constraints such as
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parameters are derived from visual information, either pre-operatively or in real-time, and are
enforced by the control system.Combining individual modules allows for complex task-specific
behaviors that monitor the surgeon® actions reldive to the anatomy and react appropriately to
cooperatively accomplish the surgical procedure.

Particular focus is given tovitreoretinal surgery as a testbed for visiorbased control because
several new and promising surgical techniques in the eye deperh fine manipulations of delicate
retinal structures. Preliminary experiments with Micron, the micromanipulator developed in our
lab, demonstrate that vision-based control can improve accuracy and increase usability for difficult
retinal operations, suchas laser photocoagulation andressel cannulation An initial framework for
virtual fixtures has been developed and showto significantly reduce error in synthetic testsif the
O0OOOAOO0OA 1T £ OEA kbdd@ @posed @orkiirclEsl for@aliziglhe virtual
fixtures framework, incorporating elements from model predictive control, improving 3D vision
imaging of retinal structures, and conducting experiments with an experienced retinal surgeon.
Results from experimentswith ex vivophantoms and in vivo tissue for selected retinal surgical
procedures will validate our approach
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1 INTRODUCTION

Microsurgery is hard, even for experienced surgeonsAs surgeons attempt to manipulate small

anatomy in the submm range, human control of surgical instruments becomes degradefB8].

Retinal vasculatOA EO 1T £0AT 1 A0O0 OEAT pnm ti AT A 1Al AOA]
Membrane (ILM)in the eyeare only tens of microns thick]21]. New surgical proceduresdepend on

safely manipulating such small structures[2, 8, 23, 47, 87, 103, 104, 115]. For operations

extremely small anatomy, physiological tremor becomes a serious challenge. Paalpeak tremor

of vitreoretinal surgeons can exceed 10Q | [105], creating potentially dangerous unintentional

movements and loss of dexterity whichcan lead to the inability to successfully completesurgical

procedures.

A popular solution to the problem of manipulation at small scales i$0 use robotic aids, such as
micromanipulators [43]. Micromanipulators provide the surgeon a method tomore precisely
control t i-level movements.Usually, micromanipulators feature a number of useful behaviors,
including tremor suppression, motion scaling, and limits on movement speed or operating area.
Tremor suppression acts as a filter to reduce involuntary, physiological huam movements that
usually occur around 820 Hz [51] while allowing lower-frequency voluntary motion. Motion
scaling increases movement precision by reducing all movements made by the operator by a fixed
amount, so large motions become identical, but smaller motiond-or safety, often the robot
enforces a maximum velocity on the tip of the instrument and can preventthe surgeon from
straying too far away from the center of the workspaceThese featuresare generally eitheralways
active (i.e. tremor suppression) or activated manually by the operator.As evidenced by the
widespread use ofsurgical robots such as the da Vinddy Intuitive Surgical and the published work
on micromanipulators [17, 31, 80, 94, 110], these tools represent an effective way ttackle delicate
surgeries.

For the purposes of this thesis, we define a taxonomy of micromanipulators consisting of three
classes: master/slave, cooperative, and handheld. Master/slave micromanipulators separate the
human input into one subsystem and the ristrument actuation into another (often remotely
1TAAOAAQ OOAOUOOAI 8 30O0OCEAK] is peihddpd td EnOsh papularA A 6 ET
master/slave configuration and has been outfitted with a prototype manipulator for intraocular
microsurgery [82]. The micromanipulators designed byHunter et al. [54], Jensen et al[56] and
Ueta et al. [110] are more examples of a masterslave robots designed specifically for retinal
microsurgery. Because there is no mechanical linkage bgeen the input and output, the available
workspace is large and control is usually quite versatile as arbitrary tremor suppression filters and
behaviors can modify the signals on the drivdy-wire connection. However, the additional
pathways from input to control introduce extra latency and remove physical feedback, such as the
ability to sense forces applied to the tissue. Because of the equipment required for the two separate
subsystems and the complexity of synchronizing them, master/slave configuratiorere often more
expensive than other micromanipulators.

The class of cooperative micromanipulators involves robotic arms and linkages that the human can
grasp and where control is jointly shared between the human and the robot. Johns Hopkins
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is operated cooperatively by the

human and robot. The human guides

the micromanipulator while the robot

acts as a mechanical lovpass filter to StaticHandheld
smooth movement. Hard constraints Tool
are particularly easy to enfore with
non-backdrivable linkages. Because of
the inherent stiffness in the
mechanical linkages, movement is
often sluggish and pressures exerted
on tissueby the tip are not felt by the
operator. More precise movements
are usually achieved with virtual Fig. 2. Handheld hstruments contain actuators that move the ti
fixtures by commanding scaled '¢!atvetothe handle.

velocities based on the forces applied to the micromanipulatofl6]. A number of virtual fixtures
frameworks have been developed for thé&teadyHand[1, 16, 58, 68] based on theforces applied to
the cooperatively controlled handle providing even more finegrained control to the operator.

Add Motors

Active Handheld
Tool

The micromanipulator class of most interest to the focus of this thesis is the handheld
micromanipulator proposed by Riviere et al[93, 96]. In a handheld micromanipulator, the entire
instrument, including actuation, is contained in the shaft of the instrument, and control of the
instrument tip happens by offsetting thetip relative to the current handheld position (see Fig.2).
The Micron robot [75, 94] developed in our lab atCarnegie Mdbn University is the first of its kind,
a fully handheld micromanipulator not much larger than a typical un-actuated surgical tool
Behaviors are accomplished by moving the tiprelative to the hand motion via actuators between
the handle and the tip.For instance, hgh-speed control performs tremor suppression by rapidly
moving the instrument opposite to hand tremor.While remaining very lightweight and flexible,
handheld micromanipulators have a limited range of motion and require high rate sensing and
control to actively compensate for hand motion in addition to erdrcing behaviors.However, there
B AN W are a number of key advantages tothis
Electronics | design including familiarity, reliability, and
inexpensiveness. Handheld designs are
familiar to surgeons, who can leverage their
extensive  experience with  handheld
instruments operated under traditional
surgicalgrade  microscopes to avoid
lengthy  training  processes. If the
instrument stops working properly, a
surgeon can simply turn it off, and complete
the surgery as usual with the inert
handheld instrument. This increases safety
as the procedure can always be performed

Fig. 1. Micron system with electronics connecting the Ps No differently than a typical, unaided
trackers and the actuated handheld tool. surgery with regular tools. Likewise in case

| PSD Cameras
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of device malfunction, a surgeon can easily and rapidly mo¥@E A  &mall ford @ctor away from
any tissue. Finallyhandheld micromanipulators are often comparativelyinexpensive.All proposed
research will be performed with Micron, a tool with demonstrated benefits including tremor
compensation, motiontscaling, and other aidshown in experimental studies with surgeon subjects
[11,14,30].

1.1 MICRON HANDHELDMICROMANIPULATOR

Handheld micromanipulators present a challenging engineering problem, requiring high control
bandwidth, low error position measurements, and sufficient rangeof-motion to complete the
desired micromanipulation tasks. To date, Micron and its descendent desidgihrem [63], are the
only handheld micromanipulators designs that have been built and reportedWe briefly describe
the Micron system shownin Fig.1.

1.1.1 HANDPIECE

Micron, pictured in Fig.3, is a fully handheld micromanipulator that selfactuates via Thunder® TH
10R piezoekctric actuators (Face International Corp., Norfolk, Virginia, USA) located between the
handle grip and the tip of the instrument. Arranged in a $ointed star configuration, the
piezoelectric actuators can flex in and out individually to give Micron a 30range of movement
that is approximately 0.5 mm axially and 1.8 mm transversely, depending on the tool mounted to
-EAOQOIT T 80 FiyAdGoh the a@rdndement of motors and a diagram of actuator operation.
Actuators are driven with charge control at 2 kHz in a closed loop feedback control system that uses
the position measurement system described in the following sectionControl wires, laser fiber
optics, and surgical instrumentation fits down thehollow center of the shaft and optionally to the
tip of the instrument via flexible linkages.

1.1.2 POSITIONMEASUREMENT
Low-latency, highbandwidth positioning information is obtained from custom optical tracking
hardware named ASAP[76]. Two position
sensitive detectors (PSDs)at 60Jtrack LEDs
mounted to Micron within a 4 cm3 workspace at
a rate of 2 kHz, with measurement accuracies o
Fprm t [attRetip of the instrument The 3D
positions of three LEDs on the actuated shaft
holding the end-effector are reconstructed and
used to calculatd 53] the 6DOF position tracking
I £ - EA Qasistiovin inBig ® An additional
LED attached to the handle provides hand
movement information.

End.Effector |

1.1.3 TREMORSUPPRESSION

Tremor compensation can be achieved b
inserting filters between the hand motion and
the drive mechanism to reduce thehigher-

Fig. 3. Micron 6DOF sensing of the tip pose and han
pose_with LEDs tracked by Position Sensitive Detecic

AOANOAT AU OOAITO xEEI ApstdA OAET ET ¢ OEA T PAOAOI 080



gross lower-frequency movements. A ® order,
low-pass Butterworth filter based on the handle
motion is used to implement tremor reduction.
Motion scaling, often used in conjunction with
tremor suppression, scales hand movements so
the tip only moves a set fraction of the hand
movement[14]. For example, a scale factor of %2
would transform hand movement of2 mm to 1-
mm movement at the robotic tip. Recent
developments in tremor compensationinclude a
low-pass shelving filter [6], which acts as a
hybrid tremor suppression filter that affords
relative motion scaling and reports an additional _ _ o _
30-50% reduction in tremor compared to the Fig.4. Mlc.ron actu.atlon with pleri‘OE|€‘f2trIC bgnder motor
mounted in a 3pointed star configuration. Tip movemen

low-pass only filter. is caused by flexing the bender motors.

Piezoelectric actuators

Flexed actuator

1.1.4 MICROSCOR& CAMERAS

The operator uses a Zeiss® OPMI® 1 microscope to view the workspace wnd25x magnification.

Two Flea2® cameras (Point Grey Research, Richmond, B.C., Canada) are mounted to the eyepiece,
acquiring 30-Hz stereo video of the2x3 mm to 6x9-mm workspace at a resolution of 800x600. The

reakOET A OEAAT EO AEODPI AUAA O OEA 1T pAOA@R20W, 1T A ¢
Zalman Tech Co., Ltd., Seoul, Korea). The computer display enables giistem to easily overlay

extra information on the reaktime video, such as target locations or g#h cues, to aid the operator.

1.2 PROBLEMSTATEMENT

Unfortunately, most existing techniques utilized in robotic micromanipulators such as tremor

suppression ard motion scalinglack any sort of understandingoO EA OOOCATT1 80 ET OAT OE
goals Used asblack-boxes, each behavioroperates blindly upon activation in the same manner

regardless of what the surgeon needs or the situation requires. It is t® O C A $ole e€ponsibility

to turn behaviors on and off as well as tweak parameterso keep the behaviorsat maximum

helpfulness during the entire procedure. For instance, a robotic system may have a motiescaling

knob defining the scaling parameter thathe operator must manually change when nearing the

targeted tissue or when transitioning betweensteps in a procedure In fact, it is possible that a

behavior designed for aid may become a hindrance if dtlned or accidentally applied
inopportunely. The fundamental assumption underlying this thesis is that further aids to surgeons

necessitate at least basic domain knowledge of surgical procedures coupled with remhe

monitoring and at leastOOAET AT OAOU O1 AAOOOAT Aakdgqalsi £/ A OOOCAT T 8
Much like an autopilot system eliminates the need for constant course corrections and tweaking

i ATU AEEEAOAT O ETTAO AU O1 AAOOOAT AET ¢ OEA AOGEAOQI
instrumentation, our goal is to provide task-specific automation behaviors by understanding the

O O O ¢ bpetaio®planand the current state of the procedurevia visualfeedback Just as an auto

pilot does not eliminate the need for trained and experienced pilots, neither should a robotic

surgical system supplant surgens. Instead, it will only provide them with methods to reduce



tedious repetition and automate mundane procedures so surgeons are free to exploit their
extensive judgment and experience without having to worry about lowevel performance.

A common approach is to use visual information and OOAAE OEA OO@Giké o6 0 AAO
anatomy during the procedure. A significant body of research is dedicatedo related algorithms
such astracking surgical instruments [89], understandingsurgical actions[3, 91], andintegrating
and evaluating sich technologies in robotic systemdq11, 68, 80]. While all are necessary for a
comprehensive robotic systemthat is able to synergistically aid surgeonsluring operations, one
particularly promising avenue of research is virtual fixtures. Virtual fixtures (VF) enforce
constraints on the behavior of the instrument by software controlled hardware. The motivation
behind virtual fixtures is that if the exact behavior the operator wants to follow is known,
inaccuracies can be eliminatedby introducing an artificial fixture that constrains the user todesired
behavior. For instance, if you know an artistwants to draw a straight line or a particular shape, a
ruler or stencil improves performance bymore precisely controlling the drawing instrument than
the unaided operator could otherwise manage For domains such as driing where the work
consists of many simpleprimitives , extensive use of fixturess beneficial Some surgical procedures
lend themselves well to compositions of primitive movements, a fact exploited by researchers to
use virtual fixtures to show benefical performance improvements in specific surgerie$16, 66-68].

This thesis focuses on combining virtual fixturestremor suppression, motion scaling, and other
behaviors into a unifiedvision-based controlframework for the unique capabilities and challenges
of handheld micromanipulators. While keeping the theoretical aspects of our worlapplicable in the
general sugical mindset, this thesis will focus on applications to retinal surgery, often considered
one of the most demanding areas of microsurgery because of the extremely small structures that
must be routinely manipulated [97]. Using domain knowledge coupled with reatime vision
analysis of the surgeo® actions during the procedure, theproposed theoretical framework and
practical systemimplementation will provide task-specific behavioral aids to the surgeor\Work in
necessaryprerequisite research including model based control and 3D visual sensing will enable
the application of the proposedframework to targeted retinal surgeries.

1.3 THESISSTATEMENT
We propose threehypotheseswhich this thesis will investigate:

1. Micromanipulation tasks can be decomposed into steps, during which applying tip position
constraints (virtual fixtures) with a handheld tool increase operdor precision and safety.

2. ReatOEi A OEOOAI AT AT UOEO 1T &£ AT AOTT U AT A OEA 0O0OC
that allows the controller to select and customize the virtual fixtures.

3. Vision-based virtual fixtures aid surgeons during microsurgical operabns.

Summarizing thesehypotheses yields ourthesis statement

Fusing vision information into the control system of a handheld micromanipulator
enablesa rich set oftask-specific behaviorsknown as virtual fixturesthat can be
composited and appliedem-automatically to reduce error and increase performance
during microsurgery, such asitreoretinal operations



2 PROBLEMDOMAIN: VITRORETINALMICROSJRGERY

The theoretical aspects of handheld micromanipulation presented in thisthesis are kept
generalizabke to many different types of micromanipulation, ranging from microsurgery to
industrial processes to biomedical experimentation. However, it is neither practical nor
advantageous to design and conduct experimentation covering such a wide variety of manigtibn
tasks. Instead this thesis focuses on microsurgeryand in particular retinal microsurgery. Although
many areas ofsurgery are challenging from a manipulation viewpoint, \itroretinal surgery is
considered to beone of the most

demanding fields of microsurgery 30 29 28 27 26

[52]. Thus we propose to use retinal 1 \ 25

surgery as the practical
experimental testbed for the more
general theoretical frameworks 4
proposed.

This section highlights some of the g
common procedures in the retina
and a few promising techniques 7 \
developed recently. The purpose of 8§ —
this chapter is two-fold. First, it .
serves to motivate the continued %
development of handheld 10
micromanipulators (see Fig. 8) and 11

drive the design requirements for 12

the framework of beneficial 13
micromanipulator behaviors.

Second, it provides important
background information for the

15
14

Fig.5. Diagram of the human eye (credit to chabacano, used under Crea
g . Commons Attribution-Share Alike 3.0 license)l:posterior vestibule 2:ora
experiments proposed to validate serrata 3:ciliary muscle 4:ciliary zonules 5:canal of Schlemm 6:pu
the proposed thesis work. We begin 7:anterior chamber 8:cornea 9:iris 10:lens ortex 11:lens nucleu:
by overviewing the structure of the 12:ciliary process 13:conjunctiva 14:inferior oblique muscle 15:inferio
human eye and describing the rectus muscle 16:medial rectus muscle 17:retinal arteries and vei
. . 18:optic disc 19:dura mater 20:central retinal artery 21:central retina
generd group of retinal surgeries vein 22:optic nerve 23:vorticose vein 24:bulbar sheath 25:macula 26:fove
known as pars plana vitrectomies. 27:sclera 28:choroid 29:superior rectus muscle 30:retina

We then overview some of the

specific ~ surgeries  that are

performed during a vitrectomy.

2.1 ANATOMY OF THEYE

The human eye is a complex orgamith many subsystems, as depicted ifig.5. The entire eyeball is
held inside the sclera (27) a strong, thin hollow sphere that protects the eyd.ight enters the clear

cornea (8) through the pupil (6) in the iris (9) and is focused by thdens (11). It passes though a
clear, jelly-like substance known as vitreoushumor (also referred to as the vitreous body or just

10



Fig. 6. @Al D1 A 1T £ OEA 01 bAT C
OEOOAT OOh xEAOA A OOTEIAOD
used to draw the vitreous, which is subsequently cut awa
Photo credit to[73].

vitreous) that keeps the eye inflated.After € SR

passing through the vitreous, light hits the Fig. 7. Pars planavitrectomy with three ports through the
nerves in theretina (30), which transmits the sclera for infusion, light, and an active tool. Photo credit

light information to the brain via the optic [73!

nerve (20). The retina isapproximatelyp o .t |

Ol vum ¢t I isdp&ri€h&dEby vafiolis vasculaturg(17, 20, 21). The retinais separated from
the vitreous by membranessuch as the internal limiting membrane Various problems occurring in
the retina require surgical intervention, as detailed in subsequent sections.

2.2 PARSPLANAVITRECTOMY

Surgical acess to the retina is difficultbecauseof its placement behindthe sclera and vitreous In
the late 1960s, Kasner developed T O b Aifrectddnl téchnique for cataract surgery[59]. His
solution was to cut through the scleraand remove the vitreous with a procedure known as a
vitrectomy. The term vitrectomy literally means to excise the vitreous. During a vitrectomy, @J6
was cut into the scleara, the cornea temporarily removed, and the vitreoexcisedwith sponge and
scissas (seeFig.6). Macherner [73] is credited with popularizing the general technique known as
pars plana virectomy, which provides much less intrusive access to the retina He extended
+AOT A0S O AWAORATPE MAKET ¢ OEA O1 PAT OEdiapedinBidgo®inheA E 1 £ |
sclerawith several small ports in the pars plana setion of the sclerathrough which instruments
could be inserted. Furthermore, he developed a vitreous cutter thatould be inserted through the
port, cutting and removed the vitreousvia suction pumps. Generally, apars plana vitrectomy is
performed as shown in Fig. 7, with three ports for illumination, an active tool (such as vitreous
cutter, forceps, etc.), and infusion to maintain proper ocular pressur&@hroughout the 70s,the pars
plana vitrectomy procedure was used to treat previously incurable problems, including non
clearing vitreous hemorrhages, vitreous traction causing retinal detachment, and giant retintdars.
Today, e may view the pars plana vitrectomy(usually referred to as just a vitrectomy)as a
general procedure, which may have many different goals and sutrocedures. Common retinal
problems and associatedub-proceduresperformed during treatment are listed in Table1.
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Problem Laser Vessel Membrane Arteriovenous
Photocoagulation Cannulation Peeling Sheathotomy
Diabetic X
Retinopathy
Retinal Detachment X X
Epiretinal X
Membrane
Macular Hole X
VesselOcclusion X X X
Foreign Body
X
Removal
Macular
. X
Degeneration

Table1: Various problems occurring in the retina and corresponding solutions that are used by vitreoretinal surgeons.
We choose this subset of procedures because they are known to be particularly challenging. In the

following sections, we discuss edt vitrectomy treatment option briefly and describe
micromanipulator behaviors that could be applicable to the procedure.

b2NXYI2Yy +A 5AF0SGA0 w¢ al Odzf I NJ 5583

W :
Fig.8. Motivation for this work derives from retinal conditions and their effect on eyesight. Laser photocoagulation tree
retinal ailments such as diabetic retinopathy and maculardegeneration, which affect 4.1 million and 1.8 millio
Americans, respectively. Photo credit to NIH.

2.3 LASERPHOTOCOAGULATION

Laser photocoagulation of the retina is a common adjunct in pars plana vitrectomy surgery for
common diseasessuch as diabetic retinopathy[104], retinal detachment[47], macular edemd8,
103], branch vein occlusion[87], and intraocular foreign body removal[2]. After the anatomical
goals of clearirg the media and successfully r@pposing the retina to the pigment epithelium, three
common laser procedures are used. Panretinal photocoagulation lowers the production of VEGF by
the ischemic retinal cells and decreases the potential for regrowth of neascular tissue. Peripheral
panretinal photocoagulation in retinal detachment seals retinal breaks and stimulates fibrous
metaplasia which prevents retinal breaks and retinotomies from leading to reletachment of the
retina. Focal laser patterns are used tsurround retinal breaks iatrogenically created to drain
subretinal fluid, to treat accidental retinal breaks occurring when scar tissue is being peeled, and to
surround traumatic retinal breaks prior to removing intraocular foreign bodies.

Accuracy in laser photocoagulation is important for optimal clinical results as inadvertent
photocoagulation of a retinal vein can cause occlusion of the vein, possibly leading to vitreous
hemorrhage [55]. Laser applications frequently are applied within one millimeter of the foveola,
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requiring careful avoidance of unintended
targets such as he optic nerve and the
fovea to avoid permanent central vision loss
[42]. Furthermore, accidental coagulation of
the macular venule or arteriole can cause
foveal ischaemia or intraretinal fibrosis
[64]. For best results in previously
photocoagulated retinas previous burn
locations are also to be avoided[101].
Research efforts to improve positioning of
burns have yielded automated approaches
[78], but system ergonomis and

complexity have prevented clinical Fig9. Placement of laser burns around a retinal break. Simi
adaptation[18]. ring patterns are used around macular holes and other retin
work. Photo credit[86].

2.3.1 TREATMENTPROEDURE

Laser photocoagulation is used in a wide variety of treatmentsut can be grouped into two typical
scenarios To seal retinal breaks, two or three rings of laser burnsas sen in Fig 9 are applied
around the surgery site[86]. For panretinal photocoagulation,a grid of hundreds to thousands of
laser burns are applied to the retina Burn sizes aretypically around 200-t 1t 1t irj diameter with
laser pulse durations of 18100 ms. Currently,laser pulses are appliecat aconstantrate of 0.5z 2
Hz when the surgeon depresses the foot pedal.

2.3.2 BEHAVIORAIAIDS
1 Select Target: Select the best target based arlosest targets and hand motion.
1 Maintain Orientation : Keep the tip (and thus the laser) pointed at a target burn location
to increase accuracyof burns.
9 Fire Laser: Automatically fire laser upon targetacquisition.
Avoid Zones: Prevent the laser from lurning sensitive anatomy such as vessels
I Maintain Distance : Keep thetip of the fiber optic within a specified range othe retina to
prevent too hot or too cold burns

E ]

2.4  VESSEICANNULATION

New microsurgical procedures in the eye are yielding encouraging selts in the treatment of
diseases such as retinal vein occlusion (RVO). RVO occurs when a clot obstructs blood flow in a
central or branch vein of the eye (CRVO and BRVO, respectively). As the second most common
retinal vascular disease, RVO affects antisated 16.4 million adults worldwide [107] and has no
proven effective treatment [83]. A promising experimental surgical procedure is retinal
endovascular surgery (REVS), which involves cannulating the vein and directly injeaginclot
dissolving plasminogen activator (tPA) to remove obstructions[23]. In a test of 28 eyes with CRVO,
54% recovered more than 2 lines ofrisual acuity within 3 months[117], although follow up studies
have reported mixed results[23, 39].
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In vivo retinal vessel cannulations were first reported with cats and rabbits using a
micromanipulator to fix the micropipette and damp hand movementg4]. Although subsequent
research has demonstrated successful cannulations in a variety of animal and humanduats, there
are difficulties involved in manipulating such tiny vessels. It has been noted that larger vessels are
easier to puncture than smaller vessels more distal to the optic nerd09]. In experiments with
human cadaver eye modelsTang and Han recorded that only 10 out of 18 attempted cannulations
were successful and commented that manipulating vessels with currently available instrumentation
is generally traumatic[108]. Because retinallD A OOAT & AOA O1 Ol AtlisicomménAOO OE/
to cannulate larger, nearby vesselsawhich is thought to lessen efficac{116]. Overall, the procedure

is considered difficult to perform [57] primarily because of limited dexterity while keeping the
cannula in the vesse[116].

2.4.1 TREATMENTPROCEDURE

Before cannulation, intraocular pressure is lowerd to about 5 mm Hg, allowing vessels to dilate

following vessel puncture, the pressure should be increasedo lessen bleeding[116]. Once the

vessel has been punctured3.4 ml of tPAx EOE A AT 1T AAT OO ALQiectéd into& ¢ nmm
cannulated vesseltowards the optic nerve head[52]. The infusion process takes several minutes,

during which the cannula should remain in the vessel.

2.4.2 BEHAVIORAIAIDS

9 Steady Approach: Since tremor amplitude can be larger than the width of the vessel,
removal of tremor is important (indeed,[46], [4],and [116] use a micromanipulator during
the procedure).

f  Motion Scaling : To increase precisionx EOE TFpnm t1 OAOOAI 6h 11 OET 1
be scaled. Anisotropic scaling in the direction of the vein allowsnimpeded thrusting
puncture movements.

1 Maintain Position : During infusion, the position of the cannula should be kept as
motionless as ssible to prevent trauma to the vessel or accidental dislodging of the
cannula.

1 Prevention Zones: Keep thetip of the instrument away from the retinato prevent tearsor
tissue trauma.

2.5 MEMBRANEPEELING

The purpose of membrane peeling is to remove eithehe epiretinal or internal limiting membranes
on the top of the retina.Epiretinal membranes are thin fibrous layers that form on the retina
gradually over time or in conjunction with other retinal diseases. They obscure vision and are often
referredtoasA OI AADT AO b Gshitieyidévélop AhkyAcAri@trtand pucker the surface
of the retina, causing straight lines to appear wavyRemoving the eipiretinal membrane is
necessary to restore visual acuity.

The internal limiting membrane (ILM), a verythin layer that separates the vitreous from the retina
and is often removed during the treatment of macular holes. Macular holes occur when the vitreous
pulls away and tearsthe retina, a condition that is common as the eye ag¢86]. Kelly and Wendell
first demonstrated using vitrectomy procedures to relieve pressurdrom the vitreous on the retina
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[60]. To facilitate closure of the
macular hole, some researchers
propose removal of thelLM around the
hole to alleviate tangential pressure
from the surrounding retina [92].

2.5.1 TREATMENTPROCEDURE
Removing the epiretinal membrane or
ILM requires a technique known as
membrane peeling(shown in Fig. 10).
A microvitreoretinal (MVR) or other
blade is wused to puncture the
membrane. A pick or ILM elevator is
then inserted just under themembrane
to lift it up. This is very challenging
work and OT | AOET AO OAl
worth of attempts [86]. Once the
membrane has been lifted with the
stripping motion, the pick is advanced.
The surgeon tunnels between the
membrane and the retina, periodically
lifting the membrane off the retina
Forceps can be used to remove the
peeled membrane.This techniqueis a
technically challenging procedure, and
unsuccessful peeling can result in poor
visual outcome [106]. One study Fig.10. Internal Limiting Membrane Peeling (ILM) around a macul:
showed that up to 50% of patients hole-Photo credit[86].

exhibited inadvertent injury and

defects in thenerve fiber layer after performing ILM [49].

2.5.2 BEHAVIORAIAIDS
1 Downward Motion Limits : Preventing fast or extraneous motion in the downward
direction could avoid accidental trauma to the etina.
1 Motion Scaling: Increasing precision in the Z motion could reduce the number dfies it
takes surgeons to insert the pick between the ILM and the retina.
1 Follow Curved Path: Once the pick has been insertedielp with the fine tunneling motions
(advancein a curve, lift up slightly) could also reduce accidental injury to the retina

2.6 ARTERIO/ENOUSHEATHOTOMY
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One hypothesis in vessel occlusion is the

adventitial sheath that binds arteries and

veins together at ateriovenous crossings

‘, restricts blood flow, causingturbulence, which

W - ~ may lead tothrombosis. Thisis supported by

Qz}%' - the fact thatthe arteriole crosses over the vein
1N between 7099% of the time when BRVO

N ) occurs at arteriovenouscrossings[114, 120].
It is thought that by removing the sheath, the
N vein will decompress, allowing for vessel
recannulation. Osterlon and Charles first
succeeded in showing surgical decompression
via arteriovenous sheathonomy [85]; as a
result, researchers have corroborated a
variety of similar procedures [62, 84].
However, other experiments have reported failure to surgically qearate the vessels because of the
difficulty of the operation [15, 37, 38].

Fig. 11. Demonstration of performir{g an arteriovenou:
sheathotomy by separating the sheath that holds the vein a
artery together.Photo credit[45].

2.6.1 TREATMENTPROCEDURE

As depicted in Fig. 11, an arteriovenous sheathotomy procedure aims to separate the artery from
the underlying retinal vein by severing the sheath that connectghe two. A bent microvitreoretinal
(MVR) blade or scissorsare usedgently cut the sheath ancpry the vein andartery apart from each
other. Complications include nerve fiber layerdefects, hemorrhage, and retinal detachment.
Interesting, some research has indi&ted that simply freeing the vesseldrom the retina might be
enough to restore blood flow[38].

2.6.2 BEHAVIORAIAIDS

1 Tremor Compensation: Because of the extremely delicate nature of the operation and the
many reported failures and hemorrhages, reducing tremor is essential

1 Avoidance Zones: Setting limits on tip movements too far into the retina could prevent
tearing or scratching the retina

1 Motion Scaling: Reducing movements around the critical junction othe vein and artery
would increase surgeon precision in manipulation

1 Velocity Limiting: Preventing fast tip movements could help avoid accidental hemorrhage
of the blood vessels

2.7 DiscuUssIiON

We have analyzed four vitreoretinal surgeris, their treatment procedures,and how a handheld
micromanipulator could be beneficial during the operationWhile Micron is applicable to a wide
range of micromanipulation tasks, we chose these surgeries because of the precision required to
perform the operation, makingthem ideal candidates forrobotic aid. Because of the prevalence of
laser photocoagulation and the skill required by cannulation, we focus on these two surgical
techniques forthe experimental sectiors of this thesis.
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3 PRELIMINARYWORK

In this section,we document preliminary work in previous experimental approaches In particular,
we focuson investigating the feasibility of vision-controlled micromanipulation with two specific
procedures: laser photocoagulation and vessel cannulatiodVork on retinal laser photocoagulation
demonstrates the ability to rapidly orient and fire at anatomical targets tracked via vision; while the
retinal vessel cannulation research demonstrates how vision can be usedodify motion scaling
behavior in realtime. Experimental results from this preliminary work validates that a handheld
micromanipulator can increase performance of the procedure.

3.1 RETINALLASERPHOTOCOAGULATION

A recently introduced laser photocoagulationapproach by Blumenkranz et al. utilizes a systems of
mirrors mounted on a two axis galvanometric scanner attached to a slit lamp which deflects the
laser beam in order to apply patterns of up to 50 pulses rapidly at a single command from the foot
pedal [18]. Patterns demonstrated by this system include circular arcs, lines, and rectangular and
circular grids. The semiautomatic application of laser spots has the potential for significant
reduction of treatment time, although the system could not always avoid previous laser burns when
applying a new pattern [101]. This approach has been commercialized as the Pascal
Photocoagulator[81, 101]. However, it is designed for office use rather than for the operating room.

With the goal to extend the benefits of sermutomated systems to the realm of intraocular surgical
application, we present the iitial phases in the development of an assisted intraocular laser system
that will increase the speed and accuracy of the placement of laser burns. It avoids accidental burns
in dangerous areas such as the macula and optic nerve and blocks firing of theelawhen the
distance between the target tissue and the laser is too small or too great. The robotic platform of
this system for laser photocoagulation is Micror{see for Fig. 12 prototype), a fully handheld actie
micromanipulator that has been reported previously[13, 94]. Micron uses frequencymultiplexed
optical tracking to sense its own motion in six degrees of freedom (6DOF) and control a 3DOF
parallel manipulator built into the handle [76].

By deflecting the tool tip or endeffector in real
time, Micron can compensate for undesired
motion such as physiological hand tremof95],

or actively guide the tip toward a known target
[13], such as a desired laser burn location.

3.1.1 SYSTEMSETUP

An Iridex® Iriderm Diolite 532 Laser is attached

to Micron, and the optical fiber from an Iridex®

20-gauge  standard  straight  EndoRsbe

: handpiece runs through the shaft of the
Fig. 12. Closeup view of Micron in the hand of the use instrument to the end-effector. The setup is
I beropLc cable eads UVoUOl e holow S shown in Fig. 13. When fired, the laser optic
the tip. Four white LEDs act as optical trackers to provic Setup yields a laser spot size thatis 200 mmm { |
micron-accurate tracking of the tip of Micron. in diameter. Planning software to preoperatively
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specify the location of each burn was written in
LabVIEW® (National Instruments Corp., Austin,
Texas, USA). A retinal image captured throug
the microscope at any time before the start of
photocoaguhtion is used as the background
upon which the desired pattern can be planned.|
The operator selects predefined patterns such astg
rectangular grids, circles, arcs, and ovals to place ‘
on the retinal image. A complete set of burn
locations can be specified bymoving, scaling,
and stretching these primitive shapes. The!
Who'? . pattern . 9f target burn locations Fig. 13. The setup for laser photocoagulation with Micra
consisting of individual targets can be loaded an active handheld micromanipulator. Micron (a) is show

into the control software that runs during the held in the hand of the operator. The position of Micron
measured optically in 3D by the two ASAP PSDs (b) a

operation. For the remainder of this paper, it is stereoscopically in 2D via two cameras (¢) mounted to tt
assumed hat all 2D positions in the image are microscope (d). Reatime video with overlaid information

measured in units of pixels and are defied in is displayed on the 3D computer monitor (e). The laser (
connects to Micron (a) via fiber opic (g). Targets ar

homogenous coordinates placed under the hollowed out eye of the face model (h).

3.1.2 TRACKING OBURNLOCATIONS ANDIP POSITIONS

Registration of the preoperative image to the reatime video aligns the burn locations to the
current frame, compensating for any movement of the eye. A number of possible algorithms can be
used [48, 77, 121], but a straightforward feature-based approach of aligning interest points
between the current frame of the video and the preoperative image worksell for feature-rich
images. Interest points are detected using Speeded Up Robust Features (SURB) and aligned
with a planar homography that is estimated using the standard computevision RANSAC algorithm
[40]. Thus, assuming an approximately planar scene, registration can be maintained throughout the
procedure, keeping buin locations consistent with their initial placement on the preoperative
image.

In addition to registering the target burn locations, the vision system also tracks the 2D position of
the color-coded tip of Micron in real time in the left and right video \@ws, respectively. A color
based algorithm[118] tracks the centroid of a blue patch paintedn the end of the tip of Micron. A
red finder beam generated by the laser while in treatment mode provides an aiming guide to the
operator between firings of the laser. The aiming beam is importaritecause it shows the location
of the burn before the laser is activated, allowing focontinuous targeting. The vision system also
tracks the centroid of the aiming beam in both left and right views.

Finally, the vision system is responsible for removingioisy images. During the execution of the
procedure, video frames captured while the laser is firing are automatically detected and removed
to avoid low contrast images and blooming effects caused by the intensity of the laser. The popular
Intel® OpenCVibrary is used to implement the computer vision techniques.

3.1.3 COORDINATEYSTEMCALIBRATION
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Only the vision system can sense the targets, the aiming beam, and the relative error between them.
However, control occurs in the 3D space of ASAP by setting a §Bal position and using a PID
controller to reach that goal. This separation of sensing and control necessitates transformations
between the image and the ASAP coordinate systems. This is possible rogasuring the only
variable that is observablein both coordinate systems and using it to calculate the transformations.
The tip position of Micron is measuredn three places: the left image) , the right imagen , and in

3D space). Measurements of) , andny are obtained from color tradkers while 0 is measured by
the PSD optical trackers in ASA8ensingthe pulsed LEDs on the shaft of Micron.

The coordinate system transformation takes the fornfy 0 0 ! ¢~ ORY, wherel is the 3D
homogenous coordinate of a point in spacg is the 2D homogenous coordinate a¥ imaged in
camera® ORY , andd is a 33 4 camera projective matrix. A preoperative 30 <calibration is
used to measure the 3D tip positio and the corresponding 2D tip positonsf) andr) , which are
used toestimate the transformationsd and0 using the Direct Linear Transform[50].

Because this estimation is performed with precision in the micrometer range, even very slight shifts
or movements in the camera or PSD arrangement can introduce significant errors into the
transformations, as @n nonlinearities of the optical tracking sensors caused by axial rotations of
the tool. To rectify these errors, Micron employs an online recursive least squares approach that
minimizes the error of the transformation estimate for each frame during the eiire operation,
refining and adapting the coordinate system trasformations over time for camerac

O NO -3 000 (1)

where iy 0 0 0 is the error of the transformation and—governs how closely the online
calibration algorithm adapts the transformation to the measured data. This adaptive calibration is
important for maintaining an accurate transformation between coordinate systems throughout the
procedure.

Using these transformations, we define two mappingbetween the coordinate spaces: image
projection %0 © 1} and stereo triangulationg n i) Y ) © 0. The first mapping%ds a
projection that maps a point P in 3D space, defined by the coordinate system of ASAP, to a 2D
point i; on an image seen by camera The second mappingg involves solving for the intersection

of two rays in space, and triangulates a pair of 2D poinfg andr) , seen by the left and right
cameras, to find the most likely 3D poinb that corresponds to theobservationsfy  %.0f and

N %0

3.1.4 INITIALCONTROIMECHANISM
One possibleapproach [13] measuresthe error directly from the images as the relativedistance
between the finder beam (where the laser is currently aiming) and the closest aligned target
(where the laser should be aiming), transforming the error into the 3D ASAP coordinate system:

Q B amm M B GO )
Where & hx and & hid are the burn target and laser aiming beam tracked locations in the left and
right images, respectivelyd R are the camera calirated project matricies that enable the
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mapping 5 to project 2D positions in the left and right images to 3D points in ASAP spagecontrol
signal can be directly generated by using the error as an input to a PID controller. Since both the
aiming beam am target are on a locally planar surface, this control signal drives the aiming beam to
the target without affecting the distance of the instrument relative to the surface. Once the target
location has been acquired by the aiming beam, the laser can beefir While yielding very accurate
results, control signals can only be updated at the camera capture rate of 30 Hz, resulting in slow
convergence and laser burn rates less than 0.25 Hz.

Instead of waiting for a new frame from the camera to directly measuréhe error between the
target and the aiming beam, an alternate method is to reconstruct the model of the targets in the 3D
ASAP coordinate system and use a model of Micron to update control signals between camera
frames. Since the 3D tip position and posis measured by ASAP at 2 kHz, control signals to point
the tip toward the target can be generated much faster, leading to quicker convergence rates and a
higher overall burn rate. Since the tip of Micron generally moves more rapidly than the retinal
surface, the 3D model of burn targets can be updated at 30 Hz and still remain largely valid in
between camera frames. However, as this approach depends on good models of the targets and
Micron, accuracy of burns is expected to be lower than the approach[af].

3.1.5 SURFACHRECONSTRUCTION

Developing a model of the targets can be accomplished by reconstructing the surface of the retina in
3D. Noting that that burn locations are applied onhe surface of the retina, the 3D surface can be
reconstructed using dense stereo algorithms operating on the left and right images with each new
set of frames[102]. However, assuming a nowleformable surface, a more relevant approach is to
use structured light [9] since Micron is equipped with a red aning beam laser. Because of the
simplicity of the retinal surface being reconstructed (i.e., no discontinuities, no large spectral
reflections, no opacity, no occlusions), complex coding of the structured light is unnecessary. By
sweeping Micron back and drth above the surface and observing the intersection of the aiming
beam with the surface in both images, the 3D structure of the surfalécan be calculated by
transforming each of the aiming beam pointsd and® to a 3D pointd such tha each pointd
belongs to surface’Y

0 B oRdRD BD sD Y 3)

While one could use any model for the surfac&(plane, quadratic, splines, etc), our system uses a
planar representation by fitting the observed 3D poits 0 M "Yto a plane using a least squares
algorithm. The planar assumption works for our experiments in vitro; however, a higheorder
model such as a quadratic surface fit might be more suited for testing in vivo, in which the retina
adheres to the arved shape of the eye. Only an initial-85 s calibration routine is necessary to
collect enough correspondences from the structured light to reconstruct the planar surface. If
desired, further refinement at timeoof the surface™can be calculated iratively during the
procedure to yield a timevarying surface™Y. Once the surface has been reconstructed, the burn
locations from the left and right imagesd and 0 are projected onto the reconstructed surfacéyto
get the 3D burn locatons:
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where, in the planar case, the projection maps the 3D burn location to the plane. The purpose of this
projection is to reduce noise in 3D targetalculations, since the Zcomponent of the reconstructed
point is subject to the most uncertainty.

3.1.6 CONTROILSYSTEM

Mimicking the standard surgical procedure of burning target locations in sequence, the controller
selects the nearest target within range, déects the tip to aim at it, fires the laser while locking the
aiming solution, and only moves on to the next nearest target location after theurrent burn is
completed. Ifthe next nearesttarget is not within range or all preoperatively specified burnshave
been applied, the Micron tip goes to its neutral positionAs the operator executes a flyover
maneuver with the instrument, Micron can quickly flick out as it goes by to burn passing targets.
With this semiautomated method, the operator performs thegross motion by sweeping Micron
over clusters of targets and lets the control system handle the exact positioning of the tip and
timing of the laser activation.

The controller uses the tip position0, instrument rotation 'Y, and targetsd , all of which are
known in the 3D ASAP space. The tip position and instrument rotation are sensed by ASAP at 2 kHz,
while the 3D reconstructed targets are updated from the cameras at 30 Hz. This disparityupdate
rates is acceptable because the targets move slowly, if at, allring the procedure.

Selection of the current target is done by choosing the yemntreated target that requires the least

AiTTOT O T &£ 11T06ATATO £EOT T - EAOI I posidion lisAdefihed Aoy allDi OE OE
actuators being at the zero position, thereby allowing for the greatest movement in any arbitrary
direction; functionally, this state is equivalent to / /

Micron in the off state. Since the arrangement of
actuators defines a pivotpoint near the base of
the handle, conceptually this optimization of

Stereo Cameras
least movement finds thetarget location that ‘ Fiber Optic
requires the minimum rotation of the tool about SN
the inOt. Ag::soPiD Micron \
Micron uses a PID controller to reach specified Neutral Plane Pivot Point
3D goal positions, so a goal positn that causes Neutral Position —"""\ Goal Position
the aiming beam to hit the target must be PN
calculated. This calculation forms the core of the  aiming beam /éomrou Target
control system and is highly dependent on ‘ - \/ |
accurate estimated transformations and target Reconstructed Surface

models. While any goal position on the line Fig. 14. Micron laser setup. The Micron handle attaches
the laser via a fiber optic cable. Cameras track the finc

connecting the pivot position with the target poam and arget, while ASAP optically tracks the tip ar
would result in the laser aiming at the target, but pose of Micron. The goal location is determined |

the best 3D goal position for Micron is the oneintersecting the ray connecting the pivot point and th
target with the neutral plane. The piezoelectric actuator

that maximizes the available range of motion to then deflect the tip from the neutral posifon to the goa
position and fire the laser to burn the target.
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account for tremor and the gross sweeping movements of the operator.

Since he workspace of Micron is shaped like a disc centered at the neutral position with its
thickness tapering off towards the edges, the maximum transverse motion can be achieved on the
plane normal to the shaft of the instrument and intersecting the neutral gsition. Because the axial
range of motion is small and actuation in this direction greatly reduces available transverse
movement, the controller leaves the job of depth stabilization to the operator. With this maximal
maneuverability constraint, goal podtions are restricted to this neutral plane0 , yielding a single
goal position0 for any combination of tip position0, instrument rotation Y, and target location

& . The 3D goab is calculated at 1 kHz by intersecting the ray connecting the pivot point and the
selected 3Dtarget with the neutral plane:

0 0 0 Qi oD (5)

The pivot point is defined by the tip position offset by the length of the shafd and rotated by the

pose'Yof the instrument in space:0 0 'Y 'O. Using tke PID controllerto directly reach the

goal pointD , the system exhibits an underdamped behavior thahas a tendency to overshoothe

goal. Instead, a 36ms minimum jerk trajectory is planned to the goal position which results in

much better tracking and significantly less overshoatOnce the goal position is reachethe laser is
activated. The goal positioris adjusted at 1 kHz to eliminate tremor or other motion until the laser
has finished firing, at which point the tip returns to the neutral po#tion and another untreated

target is selected. The procedure terminates when all targets have been treated. $ég 14 for a

graphical representation of the control system.

Small errors in the model of Micron orthe calibration can cause large errors during the 3D
reconstruction, so an additional 515 s calibration procedure is executed after the surface
reconstruction. Errors in the calculated intersection of the aiming beam with the reconstructed
surface and theobserved location of the aiming beam are recorded duringhis calibration. The
control system then adjusts the surface position with the measured mean error to better align the
reconstructed surface with the observations. This is usually then valid for #hremainder of the
procedure, provided the operator does not significantlyotate Micron.

Several safety measures ardesignedto prevent firing errors and misplaced burns The first safety
check limits the maximum distance the Micron tip can move when decting to aim at a target. A
AT T OAOOAOGEOA OEOAOEIT A EO OOGAA O1 Aiililx AlT1OCE
or gross hand movements during targeting and burning. The second safety check allows activation
of the laser only after targetingis complete and if enough reserve manipulator range is available. In
the case where Micron is close to the limits of its movement, it aborts and returns to the neutral
position to avoid being unable to continue targeting the burn location while the lasas activated.
The third check ensures proper Aistance between the tip and target before firing the laser
because f the laser is too close or too far away, the tissue will burn unevenly or not at all. If at any
point Micron decides the target is unreachble, the tip is returned to the neutral position and
Micron begins the target selection process again.

3.1.7 EXPERIMENTAPROCEDURE
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the paper served as a good absorptive material ¥l &4

for the laser, yielding distinct, solid black burns. ; "'- 5 ;
The paper slide was placed under a formed face, >

re Wheged 0 LR,

mask with the eyes hollowed out to give a more = L G
realistic operating environment. The Micron | o - .
shatft is then inserted through the eye slot during ? iy - % _;....‘,.,V‘ T
the procedure to place laser burns on the paper.| “SEAECEESEE S S S i S
4EA OOOCATT B8O EAT A OA( NEurumuw s =
face mask Micron was not braced against _f'\ o ey ‘2
anything. Bl h :
o . : o Y W W

A 7x7 grid with the preoperative dot locations

AR A A =i i ARG g Fi . Results from papgr slide Aizs. Greenisedid do
bl AAAA ADDOI BET AOCA _I U in cﬁeﬁpreop raﬁively sg‘e?lﬁga @uﬁslocaﬁgﬁg‘, nd re
selected as a good test pattern. Two differenthollow circles indicate the centroid of the burn (a) Tof
Cases Were tested durlng the experlment Ieft 05 HZ Unaided. (b) BOttom Ieft Corresponding a|dE

. . . . trial from 0.5 Hz trial. (c) Top right: 1.0 Hz unaided. (c

unaided and aided. During the unaided case, th&sqtom right: corresponding aided from 1.0 Hz trial.
laser fires at a fixed frequency when the pedal is
depressed. In this scenario, Micron is switched ofAT A EO EO OEA 1T PAOAOI 060 O
the tip of the instrument to accurately place the burns in time with the laser repeat rate.

During the aided case, Micron is turned on and actively helps thears The operator is responsible
only for the gross movement, while Micron handles the precise targeting and firing of the laser. As
with the unaided case, for safety reasons, the laser fires only when the pedal is depressed; however,
the laser firing mechanism is under software control instead of being pulsed at a fixed frequency.
This allows Micron to operate as fast or as slow as the operator feels comfortable moving the
instrument.

During the paper trials, the individual laser pulses were set for a duten of 45 ms and a power of
3.0 W. The laser repeat rate for the unaided case was set to 0.5 Hz in the first set and 1.0 Hz in the
second set of experiments. During the 0.5 Hz set, the surgeon was instructed to go slowly and
steadily during the aided caseln the 1.0 Hz set, the surgeon was asked to proceed as fast as he felt
comfortable during the aided task.

Tests with porcine retina in vitro were performed by the surgeon in a similar fashion to the paper

slide procedure. Excised pig eyes were refrigetad until used and dissected immediately before the
experiment. The retina was lifted out, placed on black felt, and smoothed out to form an even
thickness. The prepared retina was mounted under the microscope (without the face model for
simplicity). Preparation and mounting were done immediately before experimentation, to avoid
AOUET C 1 £ OEA OEOOOA8 4EA OAIi A x@x COEA xEOE oum
scenarios. Laser pulses were 2.2 W for 27 ms, causing 260nm t I AE A ithhitGp@aroh O O1 O
the retina as milky white spots. Because the surgeon was more familiar with the procedure by this
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time and the aided cases were averaging nea
2.0 Hz for the paper slide trials, we fixed the
laser repeat rate at 2.0 Hz for a more equitable
mean error comparison during the porcine
experiments.

3.1.8 EFFECTS OWISUALIZATION ANOOOL

ERGONOMICS

Two potentially significant differences exist
between the setup used to perform the paper
slide and porcine tissue experiments and the§
setup a surgeon typicallyuses: the visualization
of the workspace and the ergonomics of the tool.
We devised two experiments to test each of
these factors to determine the potential impact
on accuracy of burn placement.

H | mont

While the computer monitor can display Fig. 16. Results from porcine retina trials. Geen solid dot:
. . . indicated preoperatively specified burn locations, and re
informative overlays, such as the targets in thengjiow circles indicate the centroid of the burn. (a) To

video stream, the quality is not as high asleft: 2.0 Hz unaided. (b) Bottom left: corresponding aide

— . . trial from 2.0 Hz trial. (c) Top right: 2.0 Hz unaided witl
viewing the workspace directly with the errors depicted. (d) Bottom right: corresponding aide

microscope. Specifically, the cameras capturarial with errors depicted.

images with a lower dynamic range and at lower

resolution than the human eye. Additionally, a 60ns lag is introduced in order to capture, process,
and display the realtime video. Of particular interest is how thesefactors affect performance.To
investigate this question, ve executed an additionatest similar to those mentioned earlier with a
7Xx7 grid, except that the grid targets were printed directly onto the paper slides and the surgeon
used the normal microscope eyepieces instead of the cameras and vid@mly the unaided trials
with an inert Micron could be run under such conditions. The surgm executed one trial at the 0.5
Hz repeat rate, and one at the 1.0 Hz repeat rate.

The other potential factor we investigated was the ergonomics of the tool. The IRIDEX EndoProbe
standard straight 20-gauge handpiecedypically used in practice is significatly lighter and thinner
than Micron. To determine if the ergonomics of Micron were significantly impacting performance,
we ran the same two experiments agairat the 0.5 and 1.0 Hz repeat ratesvith the IRIDEX
EndoProbeinstead of an inert Micron

3.1.9 EXPERINENTALPROTOCOL

Experiments were performed by a vitreoretinal surgeon with more than 20 years of experience. For
each set of experiments, eight trials were performed sequentially by the surgeon during a eheur
period, alternating between unaided and aidedRoughly one minute of rest was provided between
the interleaved unaided and aided trials. Video of each trial was recorded, along with the target
locations on the preoperative image. From this information, the mean error and duration for each
trial were measured.Error was measured by taking the final frame of the video sequence and hand
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marking the centroid of each burn.Individual error was calculated as the distance between the
centroid of the burn and the target. Nearesheighbor matching was used tanatch burns to targets.
To avoid spuriousmatches, errors greater than the spacing between the target burn locations were
discarded andnoted as missed targets. Thus mean error was calculated only on the subset of
targets where the burn locationwas in the neighborhood of the target.Statistical significance was
determined by calculating pvalues assuming a twetailed test.

3.1.10RESULTS

Fig. 15 and Fig. 16 present sample trials d the aided and unaided cases for both paper slide and
porcine retina experiments. Mean error and mean duration for all the sets of trials are shown Fig.
17 and Fig. 18. P-values for the mean error of all trials were less than 0.005 for all three sets of
experiments. Rvalues for the trial durations were less than 0.005 only for the 0.5 and 1Hz sets of
experiments. Table2 lists the mean errors for the three different sets of experiments, along with the
overall reduction in mean error between the unaided and aided cases.

Triallerror (Hz) |51 AEAA|! E A A A | Reduction (%)
0.5 149 125 16.1
1.0 166 129 22.3
2.0 203 123 39.4

Table 2: Reduction in Overall Mean Error

In the investigation of the effects of different visualization systems, the mean error with the
microscope view, when compared with the cameras and computer display view, was 58% lower at
the 0.5 Hz repeat rate and 60% lower at the 1.0 Hz repeat rate. When running the same
experiments with the normal probe instead of the inert Micron, the surgeon acéved error
reductions of 72% and 68% in the 0.5 and 1.0 Hz cases, respectively.

3.1.11DISCUSSION
The results presented demonstrate the general feasibility of an active handheld surgical device to
decrease spot placement error and procedure duration in intraocak laser retinal
photocoagulation. In both the paper slide and
: porcine retina trials, Micron significantly
| EX.’;Z';‘“ ] reduced the positioning error. The mean error

for the unaided cases shows an interesting, but
expected trend. At lower repeat rates, the
surgeon hasenough time to move and accurately
place laser burns. At higher laser repeat rates,
themeanAOOT O ET AOAAOGAOG AO OEA
to precisely control the placement of burns is
exceeded. Theposition error for the aided cases
is generally consistent acoss experiments,
indicating that Micron can handle precision
Fig.17. Mean error bar chart with error bars representinc  targeting even with fast gross movements of the
the standard deviation for all three trials with laser repea . .
set to 0.5, 1.0, 2.0 Hz from fe to right. Each scenaris instrument. Mean duration for the procedure

consisted of four unaided trials and four aided trial was consistently shorter for the aided cases.
interleaved.
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Excepting the 0.5 Hz case, in which the surgeol

Overall Mean Duration

was instructed to execute the procedure slowly 100} I Unaided | |
and methodically,meanduration was similar for %0/ = Alded

all aided cases Although the present 8oy

demonstration is limited to simplified conditions 701

in vitro, the experimental results show that a
surgeon using the current prototype of Micron
can perform the photocoagulation procedure 3ol
with an accuracy improvement of 15% or more, 20f

compared to the control case, and up to four 1o} I|—l—‘ IH ]

times faster, depending on the laser repeat rate O paper(05Hz)  Paper(1.0Hz)  Retina (2.0 Hz)

Duration (s)

selected. Fig. 18. Mean duration bar chart with error bars
representing the standard deviation for all three ftrials

Furthermore, this approach has three attractive with laser repeat set to 0.5,1.0, 2.0 Hz from left to right
ach set consisted of four unaided trials and four aids

side effects. First, because targets are specified E’lals interleaved. The apparent discrepancy in the 0.5 t

priori and Micron incorporates safety features to case is because the surgeon was instructed to take his ti

prevent firing at non-target locations, accidental during the aided trials.

extraneous movements do not risk laser burns being applied inadvertently to dangerous areas,

which is risk present if the laser is in repeat mode and the surgeon experiences unintentional
movement. Second, the surgeon is relieved of explicitly targeting burn locations and avoiding

critical areas such as the fovea or vasculature. Using our system, the surgeoresponsible for only

the gross movements of the instrument while the robotic assistance performs the precise targeting

AT A EEOET ¢ AAEAOET 008 4EEO 1 AOGAI 1T &£ AOGOI T AOGET T 0O/
generally thought of as a worthwhie goal[24]8 4 EEOARh - EAOTI 180 bi OA EIT &£l OI 4
3D reconstruction of the surface enables a safety mechanism that only fires the laser when the

distance from tip to retina is within a pre-specified range. This prevents ineffectual burns when the

tipi0O O 1T AAO AxAU £EOI 1T OEA OOOEAAAA AT A OO T EI 66 1/
OAOET A &£ O OEA OPAAEAZEAA AOOAOEIT AT A DPixAO 1T £ O
desirable effect of lowering the risk of unintended choroidhand retinal neovascularization as a late

complication of the laser surgery{100].

The present study is a proof of concept; substantial further work is necessary in order to bring the
technique to clinical feasibility. The comparisons dealing with visualization and instrument
ergonomics show that both have an effect on performance. Viewing the workspace via cameras and
computer monitor led to degradation in performance compared to viewing directly through the
stereo operating microscope. How much of this degradation could be elimireat by training is not
known. In any case, a system that injecgraphics directly into the optics of the microscopewould
likely alleviate the problem. As for ergonomic factors, the 11% decrease in unaided accuracy with
Micron when compared with the IRIDX EndoProbe confirms that the size and weight of the
existing prototype, although small enough to be usable, nonetheless measurably degrade
performance. To minimize this effect, a smaller and lighter instrument is presently under
development. Future reseach must also include techniques for proper control in the presence of
the fulcrum imposed by the entry point at the sclerotomy, and suitable calibration for accurate
tracking and control of Micron when viewed through the cornea and lens of the eye. Becayse-
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operatively selecting burn locations can be a
tedious procedure, a semibutomatic method
that can suggest burn locations from learned
AgAi D1 A0 1T £ POAOGET 60 ¢
retina could further expedite the operation. For
extended proceduresthe capability to re-image
and re-register views of the eye to plan or re .
plan new burn patterns intraoperatively also
could be added and may be beneficial. Future

evaluation in vivo in animal models will 3
. . Sensor
undoubtedly clarify the need for additional Mlcron

refinements. 7 \
“Z e /

O
m/
p
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3.2 RETINALVESSEICANNULATION Fig. 19. Cannulation setup with Micron micromaniprulator

Although successful cannulations in a variety ofmicroscope, stereo cameras, and PSD optical sensors

animal and human models have been reported,

there are difficulties involved in manipulating such tiny vesselsThese reports are not surprising

considering that physiologh A1  OOAI T O T £ OEOOAT OAGET A1 OOOCATT O

in amplitude [105], which is greater than the typical 4p¢m t1 AEAI AOGAO 1T £ O0OAQG
Recognizing the need for reduced tremor and increased precisiofi4l] describes cooperative
control between a surgeon and a Steadyand robot forin vivoAAT T 61 AGET T T £ ym t1 (€

chorioallantoic membrane of chicken embryos Though the approach did not improve the

cannulation success rate, the experiment did show improved ability to maintain the cannula in the

vessel. We propose a vessel cann@&E T T OUOOAT AAOAA 11 A74EusingAEAT A
vision-based control. Preliminary resultsex vivq performed by an experienced retinal surgeon,

validate the system.

3.2.1 SYSTEMETUP
As shown inFig. 19 and Fig. 20, the surgeon usesMicron in a 2x3 mm workspace under a Zeiss

OPMP 1 microscope at 25X magnification. An optical bridge splits the microscope view between

the microscope eyepieces and two Flé2 cameras (Point Grey Research, Richmond, BC, Canada).

Mounted as a stereo pairthe cameras capture 800x600 resolution video at 30 Hz. For cannulation
procedures, TIPITW1 micropipettes (World Precision Instruments, Saratoga, FL, US) with an inner

AEAT ACGAO j)sq T &£ p ti AoA oAAooAA OI OIEe&hoIIbv(DOE)OO D)
AAT OAO 1T &£ -EAOIT60 OE; o ot conuo | py
syringe, which can be depressed to force gas o;,»_* —
fluid through the micropipette and into the
vessel.

3.2.2 VISIONSYSTEM
The stereo cameras are responsible for tracking
both the tip of the micropipette ard the vessels | u

in the image to ascertain the proximity of the Flg. 20. Micron handheld micromanipulator with glass pip
micropipette to the vessel as depicted ifFig.21. attached with tubing to a 20 mL syringe.
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The relative distance is used by the control
system, which adjusts the scale factor that

Estimated Tip _ :
Mlcroplpe determines how much hand motion is

‘<O o _ transferred from the handle to the tip of the

N?f”" | instrument.
Tracked y . | Since the micropipettes are formed from clear
T\;acke::l - - glass and the tip tapers off to a nearly invisible
esse : .,

point, directly tracking the tip with vision poses
Fig.21. Stereo cameras track 3D positions of green and bl &  Significant ~ challenge. As an effective
fiducials on the micropipette to estimate the tip position alternative, two unique colored fiducials are
Calculate the center o the vessel nearest the mictopipe: Painted in stripes around the micropipette near
tip. the tip. Fast color segmentation22] tracks the

centroids of the fiducials, and the true
micropipette tip position is estimated with interpolation. A quick 30 s calibration period registers
the camera views with the world coordinate system s defined by the PSDs measuring the-BOF
pose of the instrument; registration is maintained by an online adaptive least squares calibration
procedure that adjusts the camera coordinate system to the world frame with each new camera

image.

Vessels are sintarly tracked with a Gaussian Mixture Model of learned vessel colorsl18]. By
searching locally around the estimated position of the micropipette tip, théd denter of the nearest
vessel is located. Because vessels appear as locally invariant structures, i.e., one section of the vessel
does not look significantly different from another section, correspondences for 3D reconstruction of
the vessel are difficlt to find. Instead, a global estimate of the mean depthof all blood vessels in
view is calculated by running a simplified Lucaganade tracker[6], which estimates the translation
between the left and right camera views of the blood vessels. The 3D distance between the
micropipette tip and the center of the nearest vessel as calculated by the stereo cameras is then
given to the control system.

3.2.3 TREMORCOMPENSATION ANFAOTIONSCALING

Two key components form basis of the control system: tremor compensation and motion scaling.
Hand tremor is compensate by commanding the micromanipulator tipd ™ s to the the null
position 0 N s that has first been filtered by a lowpass filterd. Since the null position is
mechanically tied to the handle, the micropipette tip output is the smootheET DOO 1T £ OEA
hand movements:

0 1.0 (6)
Since physiological hand tremor generally lies in a frequency band ofl® Hz, a firstorder 1.5 Hz
lowpass Butterworth filter was selected forgi, which greatly attenuates tremor whik only
introducing a minor lag and settling time into the eyehand coordination feedback loop.

The second key component used by the control system is motion scaling, which gives the surgeon
increased precision. Motion scaling takes the handle motion aslcalated by the change in null
position 30 and transfers only a fractionpfi N a of the movement to the micromanipulator tip

30 :
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30 I,E3~6 (7)

&1 O AgAi pi Ah ELE OEA OAAT A EAAOT O EO ¢ AT A OEA 00«
vt t I8 1TU O AT I diflorCdalibekate mov@mMehtiisGshaled down, granting the

surgeon the additional comfort and safety of using larger movements to manipulate tiny anatomy. A

scale factor of unity is equivalent to running no motion scaling (i.e., Micron turned off) whilescale

factor oflbAT OOAODPT 1 AO O1 EEQGEI ¢ OEA OEDP E1T OPAAA j E8AS8I
One important limitation of motion scaling is the decreased range of motion. During tremor
compensation, the lowpass filter gain rolls off to unity at 0 Hz so the manigator range of motion is

only used temporarily to smooth out sudden jerks and/or tremor. However, since motion scaling is

applied all the way down to 0 Hz, the effective range of motion of the device is reduced by a factor

For this reason, tremor com@nsation can be performed everywhere, whereas motion scaling can

only be applied in a limited volume, generally near the vessel where it is most effective in aiding the
cannulation procedure.

Additionally, because the 0.8 mm axial range of Micron is siditantly smaller than the 3.0 mm
transverse range, motion scaling is applied anisotropically. While tremor compensation is applied
in all directions at all times, motion scaling is only activated as discussed earlier in the vicinity of
the vessel and onlyin the transverse directions of the tool. In addition to preserving manipulator
range along the axis of the tool where the range of motion is most limited, anisotropic scaling has an
additional benefit. Since the surgeon approaches the vessel along a rolygbarallel trajectory, unity
motion scaling axially allows for quick thrusts into the vessel while motion scaling in the transverse
direction increases the ability of the surgeon to keep the micropipette centered on the vessel.

3.2.4 CONTROISYSTEM

The control system combines tremor compensation with anisotropic motion scaling to aid the
surgeon in cannulation procedures. Tremor compensation is applied at all times for smooth
movements. Motion scaling is activated only when the micropipette is closer than a cair
OEOAOETT A OI OEA OAOGOAT h AO 1 AAOOOAA AU OEA OEOEI
empirically. Although motion scaling could be implemented with a velocity controller, estimation of
the velocities from measured positions is noisy. Areferable approach in our system is to select
some reference pointh N s for motion scaling, measure the offset between the tremer
compensated null positions 4 0 and the reference pointd , and use a position controller to drive
the micromanipulator tip 0 to the measured offset position, scaled bgZi. Anisotropic motion
scaling is achieved by taking into account the rotatiotYN g of the tool, and introducing
individual scale factorsi i H N phb:

pri i i
0 Y940 YO YO xEAO&A m ph T (8)
i n pA

The reference pointd is selected as the tremor compensated null position at the time of activating
motion scalingd 34 0 andheld constant until scaling is deactivated.
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As the operator moves Micron during the procedure, the motion scaling displaces the tip away from
the null position, reducing the range of motion. At some point, the micromanipulator tip must
return to the null position, otherwise the actuators will saturate and Micron will be unable to
provide any assistance. Ideally, we would prefer sufficient range of motion to complete the
cannulation and withdraw from the vessel before returning the tip to the null position thus
maximizing the range for other operations.

Turning off motion scaling is done when the vision system senses the tip has left the vicinity of the
vessel (i.e., the distance between them exceeds a certain threshold). However, directly commanding
the micromanipulator tip to the null position causes a rapid and unpleasant twitch in the tool tip.
Furthermore, transient tracking errors may falsely trigger turning off the motion scaling. Since
tracking is not entirely reliable, the problem of determining when and how to return to pure tremor
compensation is exacerbated.

The proposed solution involves a graceful transition from motion scaling to tremor compensation
while at the same time gradually recentering the manipulator at the null position. To accounfor
noisy tracking, the scale is decreased exponentially over time, providing robustness to
intermittently noisy or incorrect distance measurements. Denotingbas the number of successive
time steps the vision system has detected the tip outside the vicinity of the vessel, the scale factor
for each direction is reduced at each time step:

1
p

o o ©)

where| specifies howmuch to reduce the scale at each timstep. An exponential discount factofp
encodes a sense of how confidence over time increases the convergence rate. Thus, several
intermittent noisy measurements will only decrease motion scaling slightly. In contrasta sequence

of measurements indicating that motion scaling is no longer needed signifies a much higher
confidence and effects a higher convergence rate back to tremor compensation. Equation (4)
terminates for each direction when the scale factor is unityat which point the manipulator tip has
returned to the null position. Alternatively, (4) terminates if the tip is redetected within the
vicinity of the vessel, in which case the reference poirt is recalculated as:

0 Y O "WO Y940 (10)
and the scale factor is reset to avoid discontinuous jumps in tip position due to changing scale
factors. Thus, the control system accomplishes a gentle transition from motioscaling to tremor
compensation in a way that robustly deals with noise. Empirical testing indicates values of
| ozpm andf] pzZp 1 are effective for a smooth 48 s transition.

3.2.5 EXPERIMENT®& RESULTS

Cannulation experiments were performed ex vivdly an experienced retinal surgeon under two
scenarios: Aided (with the assistance of Micron) and Unaided (freehand, with Micron powered off).
Porcine eyes were used as the animal model for all experiments. Sections of the back eye around
the optic nerve were removed with the retina and vessels still attached. Vessel diameters were
measured before each cannulation attempt, and total cannulation duration was recorded. Total
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duration excludes time spent clearing any
bubbles in the vitreous caused by failed
injections. Injections were performed by

depressing a 20 mL syringe of air connected to 2
the micropipette. The surgeon performed the
insertion of the cannula into the vessel and
orally indicated when to depress the syringe.
Multiple injection attempts were allowed per

trial. Successful cannulation was defined as air’
entering the vessel and displacing the blood; a
cannulation was recorded as a failure when the
vessel became too damaged to continue. Trial¢
alternated between several Unaided attempts

Fig. 22. Example traces of the micropipette tip during
cannulation overlaid onto microscope images, showir

and several Aided attempts to limit ordering tremor during the procedure without Micron (Unaided)

effects.

and with Micron (Aided).

Trials Total Successful Successful
Experiments Experiments Durations (s)

Unaided 7 2 (29%) 76131

Aided 8 5 (63%) 72+19

Table 3. Cannulation results for 46p m  t |

As seenin Table3h
xAO EECEAO

Al O OAOOAI O

reducing trauma to the vessel and surrounding tissue.

3.2.6 DISCUSSION

In these preliminary surgeon
experiments, the robot aid of
tremor compensation  with  100%
motion scaling applied by the
active handheld .,
micromanipulator increased the

success rate of small vessels
50%

while  maintaining  similar
procedure  duration. Better .
tracking  algorithms  could *°”*

further increase effectiveness.

0%
Two months later, we
performed additional testing

with both ex vivoporcine eyes

3/2/2010*

3/4/2010*

emnaided =mwAided

Fig 23. Learning curveof cannulation success for 406¢ Tt
sessions spaced over a 3 month period.

4/2/2010*

* Ex vivo porcine eyes
+ In vivo chick eggs

AEAT AGAO OAOOAI O
xEOE AEAI AOAOO AAOxAAI
xEOE OEIi EI AO AOOAOGEIT O EI
success rates. Visuall Fig. 23 presents the paths inscribed by the micropipette tip during
cannulation as traces on the image for both the Aided and Unaided cases. From these images, it can
be seen that tremor is lessened and the suegn can better track the vessel in the Aided case, thus

OOAAAOOADI

6/4/2010+

i Gl
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and in vivo in chick embryo chorioallantoic membrane [65] to examine the effect of task learning
curves as the surgeon becomes more proficienAs shown by theAided and Unaided test scenario
success rates plotted over timein Fig 22, we discoveredthe surgeon eventuallybecameequally
proficient under either scenario. It is clear, however, that the Aided case useful to ease the
learning curve. Furthe testing is necessary toeexamine how the learning curve generalizes to more
realistic scenarios and other surgeons.

32



4  APPROACHPOSITIONBASEDVIRTUALFIXTURES

From preliminary work and experimenting with different behaviors for the retinal laser
photocoagulation and retinal vessel cannulationtwo conclusions can be reached. First, theverall
approach of utilizing vision-based task-specific behaviorsfor retinal procedures is helpful. Second,
the theoretical aspects of the previous work were combinediian adhoc manner,whereasa more
general, unified, and extensibleapproach would bedesirable. This section describes the central
approach proposed inthe thesis the development ofa theoretical framework for position-based
virtual fixtures derived from the vision system andspecifically designed for handheld instruments.
Fig.24 depicts our experimental setup.

4.1 RELATEDWORK

Virtual fixtures, in contrast to tremor compensation or motion scaling that operate in thgeneral
case, instead aim to improve specific motions or taskMuch like a ruler aids in the specific instance
of drawing straight lines, virtual fixtures can be thought of as software guides that constrain the
robot motion in specific ways. Proposed originally by Rosenberg[98] as a method to overly
abstract sensory information onto a forcereflecting master workspace virtual fixtures were
originally developed to address latency in teleoperation tasks. They were also found teduce
cognitive load and increase precision and performand®9].

Virtual fixtures and the corcept of robotics constraints have gained popularity with the practical
application of guidingthe tip of robotic end-effectors during surgical manipulation tasks.Funda et
al. [44] presented an optimization technique for commanding multi-linkage robotic arms via a
joystick, while keeping joints within their limits, maintaining orientations of the end-effector, and
imposing taskspace constraints on positions.Kapoor et al. [58] extends & OT AA3 O x1 OE
constrained optimization to jointly handle simultaneous primitives such asmaintain a direction,
rotate around a line stay above aplane, etc. with a weighted optimization. Davies et al.[32]
demonstrate the ACROBOT (Activ€onstraint Robot) with virtual fixtures preventing the surgical
cutter from entering pre-defined avoidance zonesEverett et al.[36] showed decreased operation
time and operator fatigue in telemanipulating objects viewed from acamera by dynamically
scaling the motion based on the relative position and orientation of the robotic endffector.

In search of more general frameworksKumar et al.[61] decomposes surgical tasks into basic
system stateswhere the surgeonactivates primitive actions with a foot pedalto execute position,
orient, approach, insert, etc. subroutines.Bettini et. al [16] introduces a comprehensive virtual
fixtur es framework that translates forces applied to a shared manipulator arm into endffector
velocities after applying motion constraints, demonstrating a number of useful behaviors such as
trajectory following, positioning, and volumetric restrictions. Hardvirtual fixtures disregard any
forces in nonpreferred directions to prevent deviations from the virtual fixtures, while varying
degrees of soft virtual fixtures allow a mixture between human commands and the active virtual
fixture. If the robot is non-badkdriveable (such as the JHU SteadyHa#Q]), strict adherence to the
virtual fixture can be enforced by ensuring veocity components are zero in directions that move
the tip away from the fixture. Such virtual fixtures and robotic pose constraintscan be generated
from cameras observing the surgical workspace, leading to research using virtual fixtures to
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enable the end-effector to track surfaces[33,
66], follow trajectories in tight anatomies
[67], and aid in simulated surgical
procedures[67,68].

Although a significant amount of research
has been accomplished in applying virtual
fixtures to various robotic platforms and
micromanipulation problems, much d the
work focuses on mastefslave or cooperative !
micromanipulators. In most formulations of
virtual fixtures, the user manipulates a robot
arm that is attached to the instrument

directly or remotely via teleoperation. Forces , - =
Fig. 24. System setup with (a) Micron, (b) ASAP positic

or velocities on the robot arm are sensors, (c) surgical microscope, (d) 3D monitor, and (e) ster
transformed to velocity commands at the cameras.

instrument tip, which are shaped first in

software. Unlike most existing virtual fixture enabled robots, Micron is not manipulated by the
operator through the application of forces to a joystick control or robotarm. It is a fully handheld
device that purely senses positions; thus, the input to the virtual fixtures must be handle (or hand)
motion. Furthermore, because the tool is handheld, the hand movements actually correspond to
meaningful gestures relative tothe tissue, unlike the arbitrary positioning of master/slave
configurations. This fundamental difference, the use ofiandle position instead of forceor master
position as the control input, necessitates the development of a different formulation of virtua
fixtures specifically designed for this class of handheld instruments. As will be seen later, the
development of new control laws is advantageous because motion scaling can be derived quite
naturally.

- ‘

4.2 FORMALPROBLEMDEFINITION

Represented as a subspaaefined in 3D Euclidean space by the stereo vision cameras, the virtual
fixture must constrain the tip position of Micron, using only the hand motion of the operator to
guide and position the instrument tip on thesubspace In the case of hard virtual fixtires, the tip of
Micron should always lie on the subspace; in the case of soft virtual fixtures, the error between the
hand motion and the virtual fixture should be scaledy the specified amount In both cases, tremor
compensation should smooth tip movemat.

We denote the tip of Micron in 3D space as N s . As Micron actuates, the tip will move
independently of the hand (or handle) motion. We define the null position as the 3D tip position
O N a under the assumption that Micron is off; in another words) exactly reflects the hand
motion. One can think o) as being mechanically tied to the handle, and unless Micron actuates its
piezoelectric motors,0 0 . The remainder of this section is dedicated to devising virtual fixtures
that modify the behavior of the tip0 while using the hardle motion0 as the indicator of the

I DAOAOI 060 ET OA1T OET 1 08
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4.3 POINTVIRTUALFIXTURES

We begin the formulation of virtual fixtures for Micron by considering the simplest fixture: fixing

-EAOT T80 OED O10 Asa (nEspaGe WhileCtiisApoint @rtusl Tix@ire is active, the

control system should enforce the relationship) 0 , regardless of how the operator moves

-EAOI 160 EAT AT A8 7A AAZEZET A OEA OAOU OEIBPI A AT10OI
0 0O (11)

and use approximated linear inverse kinematics with a PID controller and a notch filter at the

manipulator resonance to drive the tip to the goal position. Controller latency is ~3 ms and settling

OEIi A EO Ff¢gmm 10 EZAZ OEA cCci Al DI EITrOOnEeGhe pdnOviitial - EAOT

fixture is activated, Micron uses the PID controller to maintain the tip on the goalt a control

frequency of 1 kHz. Moving the virtual fixture, for instance in response to shifting anatomy, is

possible by setting a new goal poind . To avoid highfrequency oscillations caused by PID

overshoot, large changes i® should be smoothed with either a lowpass filter or a minimum jerk

trajectory.

4.4 HIGHERORDERUBSPACK/IRTUALFIXTURES

Higher order subspaces can be built onop of the point virtual fixture to obtain more interesting
virtual fixtures. Each additional level adds a degree of freedom to the tip motion. For instance, the
point virtual fixture restricts all motion. However, the line virtual fixture allows the tip to freely
travel along a line while restricting motion orthogonal to the line. Likewise, we can define a
hierarchy of virtual fixtures as point, curve, surface, and volume (segig. 25). To reconnect the
need for these virtual fixtures back to medical applicability, it is worth considering possible medical
relevance for each virtual fixture:

1 Point (0 DOF): Steadying cannula during injectiofil4], scanning tissue with OCT7]

1 Curve (1 DOF): Following path for laser blation, guiding suture/needle along a blood
vessel

1 Surface (2 DOF): Maintaining a constant standoff distance, navigating in narrow crevices

1 Volume (3 DOF): Restricting the tip volumetrically to prevent tissue contact outside of
OOA EA§32JA0AAD

Each virtual fixture in the hierarchy collapses

to a special case of the one below it. For / /
instance, a line virtual fixture can be

implemented with a point virtual fixture that a o
moves alongthe line. In fact, we assert that /

The key to implementing higherorder n

all virtual fixtures can be implemented easily

with just the point virtual fixture.

fl.xtures V_V'th point flxturgs IS selectlng the Fig. 25. Virtual fixtures constraining the tip to a subspace witl

right point on the higher-order virtual increasing degrees of freedom: (a) point, (b) curve, (c) surfa
and (d) volume.
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fixture. Algebraically, any point on a fixture will satisfy the constraint imposed by the fixture.
Geometrically, it is most intuitive to select a point on the virtual fixture as close as possible to the

operaOi 06 O ET OAT AAA D1 OEOET 1 8 4d& thedoptiahl QoalhpdsitichlDBE OOAOU
the orthogonal projection of0 onto the virtual fixture . We define this orthogonal projection by

the mapping” kg8 © a that selects the goal poinD as the closest point from the null positn

0 to the virtual fixture o

0 Jpad (12)

For the simple geometric structures used in this paper (lines, planes, circles, cylinders, etc.),
analytic solutions for- L exist. For curves and surfaces described by more complexonels such as
NURBS, interested readers should look to numerical methoig2].

4.5 TREMORSUPPRESSION

In point virtual fixtures, all degrees of freedom are proscribed by the fixture. However, for higher
order virtual fixtures, tremor parallel to the subspace is not aficted by the orthogonal projection

4 k- In fact, tremor is evident in all 3 DOF for volume virtual fixtures. One easy solution is to use a
tremor suppression filter 5.4 ds ° O 7" on the null position0 before it is orthogonally projectedto
the virtual fixture.

0 4 |=df1:H| 0 (13)
Alternatively, the tip position can be reparameterizing on the subspace represented by the virtual
fixture with a lower degree of freedom. In this case, we redefine the mapping
Iidp 0 s astransformingd in 3D space to @D re-parameterized goal position on the virtual
fixture via orthogonal projection. For instancef) on a curve can be reparameterized by arc length
and filtered with a single dimensional tremor syppression filter 5. For an¢ DOF virtual fixture, we
can calculate the goal point as:
0 ] 4 '|= A 4] (14)
For experiments in this paper, we use Eqg. 3 for volume and plane virtual fixtures and Eq. 4 for
curves to prevent any notinearities in the orthogonal projection from affecting the tremor
suppression. It is also important to note that noise in virtual fixture placement can inject high
frequency movement similar to tremor. Therefore, if virtual fixtures are being generated byideo,
high-frequency components should be eliminated with a lowpass filter, Kalman Filter, or some
other method.

4.6 MOTIONSCALING

So far we have been describing hard fixtures where the tip position cannot deviate from the
constraint imposed by the virtual fixture. However, most virtual fixture derivations introduce soft
virtual fixtures that share control between the virtual fixture and the operator. If hard virtual
fixtures are analogous to an unyielding metal ruler, then soft virtual fixtures can be likeed to a
yielding rubber ruler that helps draw straight lines, but can be partially overridden by the operator.
An additional parameter_~ Tip defines how much the operator can override the virtual fixture.
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In our formulation, _represents the proportion of the hand motiond vs. the goal pointh that
Micron actuates to the tip of the instrument.
0 p _0 0 (15)

In essence,_ functions as a weighted average of the goal and null position. Ttcorresponds to a
hard virtual fixture, and _ p disables virtual fixtures entirely. However, for values of between 0
and 1, Eqg. 5 can be directly manipulated into motion scaling paradigm:

0 0 _0 0 (16)
Q 0 0 (17)
0 0 Q (18)

Thus, the parameter_is seen to be the scaling factor on the errd@between the hand positiond
and the goal pointd on the virtual fixture. For example, if_  pfc, then all hand motions that
deviate from the virtual fixture will be scaled by one half.

4.7 (GENERALIZEDCONTROLLAW

To summarize the control law that incorporates virtual fixtures, tremor suppression, and motion
scalingintothA - EAOT T AOAT AxT OEh xA AOOOI A & O OEIiI bl EAEO
null position is sufficient and re-parameterization is not necessary. The generalized control law

then becomes:

0 4 E (i)ﬁH 0 (29)
Q 34 0 0 (20)
0 0 _0Q (21)

Eq. 9 selects the goal point on the virtual fixture closest to the tremor suppressed null position. Eqg.
10 then calculates the error between these two pointsFinally, Eq. 11 drives the tip to either the
virtual fixture or, if _is non-zero, scales the error to achieve motion scaling about the virtual
fixture.

4.8 COMPOSITION OWIRTUALFIXTURES

The primitive virtual fixtures of point, curve, surface, and volume can be easily combined into
compound virtual fixtures. In SectionlV, we demonstrate a box virtual fixture built from four plane
segments. One difficulty encountered when combining virtual fixtures occurs when the mapping
= L becomes degenerate. For instance, when two lines or planes form a right angle, the null posi

0 might be positioned equidistant between both virtual fixtures. One solution to prevent the tip
from oscillating wildly between virtual fixtures is to disable all fixtures except the current one until
the tip nears the edge. Only when the tipeaches the boundary between fixtures can Micron
transition from one virtual fixture to another. This approach allows the construction of stable
compound virtual fixtures.
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4.9 SYNTHETICTESTS

Several experiments were performed with
Micron to validate the presered virtual
fixture formulation. We use a similar
experimental setup and series of tests a
[30]. As depicted inFig. 26, virtual fixtures
are derived from a target laser etched into

. Fig. 26. (a) Laser etched target onto rubber surface (|
rubber. The target includes four crosses generating a circle virtual fixture from the tracked target.

arAT CAA A0 AT OT AOO T &£ A onm t1 ONOAOA xEOE
A vnm t1 AEOAT A ET OEA [T EAAI A8 &I OO OAOEO xAOA Al

1 Holdstilg (11 A OEA OED 1T £ OEA EIT O0O0O0Ii AT O uvnmm t1 A,
fixture was used.

f Circle Tracingd 4 OAAA A AE O Afisék from Eubder sdrface three timés. A 3D
curve fixture in the shape of a circle was used.

1 Move and Hold: Move the tip to each cross sequentially and hold at each cross for 3 s. Four
plane segments oriented vertically and connecting each of the four asses were used,
forming a compound box fixture. Because of the vertical orientation of the planes, the z
movement is unconstrained, allowing the operator to choose vertical the offset from the
rubber surface.

1 Volume Restriction : Allow free movement insidethe volume while preventing the tip of
the instrument from leaving the volume. A cylindrical volume was used with the circle
serving as the perimeter constraint and the rubber surface serving as the bottom constraint.

All experiments were performed by a mgle individual familiar with Micron but without surgical
experience. Experiments were performed randomly to alleviate ordering effects. In the first three
experiments, four different scenarios were tested three times.

1 Unaided: Micron was turned off. a b
{1 Aided with Shelving Filter : Micron was 500 500
turned on with the state-of-the-art 5 250 i 7 250 »
tremor suppression and relative motion é 0 é 0
scaling algorithm from [30]. > 250 > 250
1 Aided with Soft Virtual Fixtures : sl S0l . .
. . . =500 -250 0 250 500 -500 -250 0 250 500
Micron was turned onand using virtual X (microns) X (microns)
fixtures with the motion scaling factor 500 ¢ 500 d
_  p7u, so errors were reduced by 5X.
N . . . & 250 . & 250 o
9 Aided with Hard Virtual Fixtures 2 g
. . g 0 85 0
Micron was turned on and using the E E
virtual fixtures without motion scaling 2% ™ 250
( ) -500 ——— 500 ————————
= . =500 -250 0 250 500 -500 -250 0 250 500
X (microns) X (microns)

Fig. 27. Hold still results (a) unaided (b) aided witt
shelving filter (c) aided with soft fixtures (d) aided with
hard fixtures.
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All error was measured as the distance diween the tip position measured by the ASAP optical
trackers and the closest point on the virtual fixture as measured by the stereo cameras. Error was
recorded at ~2 kHz. Because hard virtual fixturing attempts to remove all error between the tip and
the virtual fixture, it is imperative to provide the operator with some visual feedback that lets the
operator keep the gross positioning of the handle near the virtual fixture. Otherwise, the operator
will unknowingly drift away from the virtual fixture error eliminating controller is effectively
disabling the eyehand feedback loop. To remedy this, we provide the operator an estreen visual
cue that provides 3D information as to the location of the unseen null positioﬁn . In all tests, the
operator used these visual cues to maintain correct positioning.

Fig. 30 displays mean RMS error with standard deviation across all three trials for each task and

scenario combination, demonstrating that virtual fixtures are &ective in reducing error. Fig. 28,

Fig. 29, and Fig. 27 show one trial of each task and scenario with a trace of the 2D tip ptisn

overlaid in black on the target represented by dashed light green lines. Maximum error for each set

of trials is presented inTable4. It is interesting to note that while the Move & Hold has much lower

overall error, it is an artifact of the vertical orientation of the fixtures. Since the fixture is not

restricting Z-movement, the controller is absorbing the error normally caused by poor depth
DAOAADPOEI T8 )1 01100 A OAOGOOEAOGEI T OAOOOh EATA 11C
to the volume withonlyam @ AOOT O T &£ ¢uv t i

Unaided Aided
Task Micron Off | Shelving Filter | Soft Fixtures | Hard Fixtures
tt1 g tt1 g it g pt1 g
Hold Still 489 253 165 67
Circle Tracing | 446 312 100 171
Move & Hold | 246 172 52 109

Table4. Max error in positioning tasks

a b a b
500 500 500 500
~ 250 ~ 250
g 250 g 250 g . é .
2 [ S S
g 0 s 0 € £
£ £ > 250 > .250
> 250 > 250
500 ————m——————— -500 —mm8m™ ———————
B4 — S0 - . - B
-500 250 0 250 500 -500 250 0 250 500 500 252 (migmn:)s 0 500 500 252 (migmn:)s 0 500
X (microns) X (microns) ¢ d
c d
500 500 500 500
~ 250 ~ 250
—~ 250 —~ 250 o [
; ;
& o g8 o g 0 g 0 ;
£ £ B -250 B -250
> 250 > 250
-500 —mmm™——————— -500 -"—m—m ————
500 —r———— S50 "————— - . - B
-500 250 0 250 500 -500 250 0 250 500 500 252 (migmn:)s 0 500 500 252 (migmnz)s 0 500

X (microns) X (microns)
Fig. 29. Circle tracing results (a) unaided (b) aided wit Fig. 28. Move & hold results (a) unaided If) aided with

shelving filter (c) aided with soft fixtures (d) aided with shelving filter (c) aided with soft fixtures (d) aided with
hard fixtures. hard fixtures.
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4.10 DiscussioN 190 | | Il Unaided: Micron OFf
In this section, we have presented a derivation 1801 O e Gnaling Fiterl
of virtual fixtures for handheld 1407 [ Aided: Hard Fixtures |
micromanipulators that depends not on forces g/

applied to a robot arm, but hand motion at the
handle of the instrument. The virtual fixtures
are generatal from stereo cameras in reatime

and integrate tremor suppression and motion
scaling. Using Micron as a test platform, virtual  40;
fixtures have been validated with medically 20}
relevant artificial tests and have been shown to

-

[=]

o
T

Error (microns)

Hold Still Circle Tracing Move & Hold
outperform. _ State'_Of'the'art N _tremor Fig. 30. Mean RMS error across three trials of ea
compensation in reducing the positioning error combination of task and scenario, with error bar
of the micromanipulator representing the standard deviation.

While defining virtual fixtures based on the null position of a handheld micromanipulator
introduces difficulties relating to degenerate solutions, this formulation offers a number fo
advantages that simplifies implementation compared to forcdvased virtual fixtures. No special
treatment is needed when maintaining a point virtual fixture as it is if16]. Implementation of soft
virtual fixtures under our formulation directly results in intuitive motion scaling. On the other hand,
the handheld nature of Micron means the system depends on reasonable gross hand motion so that

OEA AAOOAOAA OEDP OAI AET O dblThidanbe Hew@@OL isddVattdg® OAT C

because Micron cannot prevent the surgeon from violating the virtual fixture; however, a
concomitant advantage is that the surgeon can override Micron in emergency situations.
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5 PROPOSEMRESEARCH

Formalizing the previous virtual fixtures work into an extensible, unified framework of
compositable primitives for use in surgical procedures is central to the proposed work. Supporting
research falls into three categories: model predictive control, 3D vision imaging, andgztical
implementation with task-specific behaviors that target individual surgical procedures. The
proposed work will be evaluated in the two different retinal surgical procedures tested previously:

retinal laser photocoagulation and retinal vessel canriation. A schedule detailing the timeline of

DOl bT OAA xi1 OE EO Al Oi DOAOAT OAA oI AO O1 £&£EITEOE
timeframe.

5.1 CoORETHESISCOMPONENTS

With the goal of enduing the micromanipulator with knowledge of the procedure andEA OOOCAT T & «
operation plan so as to provide taskspecific aids, we propose research into four key areas. The first

area of research is to formalize and extend the scope of the virtual fixtures framework developed in

the preliminary work. Second, we propse to implement a model predictive control law that models

system latency and predicts hand tremor to decrease higliequency noise caused b¥yigh velocity

hand movement The third proposed work areais to use stereo cameras mounted to the microscope

for improved OOAAEET ¢ OEA [ EAOIT | AT EDOIlirA3DIspade Dhe ot andT A OA O
final core component of the thesis is to apply théheoretical work in virtual fixtures framework,

model predictive control, and 3D vision imaging to develop prototype surgical system that targets

retinal laser photocoagulation and retinal vessel cannulation procedures.

5.1.1 VIRTUALFIXTURES-ORMALIZATION

Preliminary work shows position-based virtual fixtures are helpful in significantly improving

positioning accuracy in synthetic, yet relevant primitive tasks such as path tracingHowever,

further work must be accomplished before the virtual fixture framework is readily applicable to
complex surgical techniques. We propose tause a more general spline parameterizationfor

fixtures, add orientation fixtures, and develop a cleaner compositing system faombining simple

fixtures into complex ones

Spline Parameterization of Higher Order Virtual Fixtures

The major limitation of the proposed virtual fixtures framework is the inability to use a generalized
parameterization for constructing primitive virtual fixtures. Only circles and lines arecurrently
supported, and their parameterization based on the visual information is hardoded into the
system. Certainly this level &6 micro-managing the virtual fixture representationis tedious.Ideally,
the surgeon should be ale to draw arbitrary paths to follow or boundaries not to cross;
furthermore, if the surgeon specifies anatomy to avoid or track, the virtual fixtures should eb
automatically generated from vision information. This argues for a flexible and dynamically
generated representation for virtual fixtures. One possible solution, often used in graphics, is to
approximate complex curves and surfaces with many primitive sipes such as line segments or
triangles. Better quality approximations require increasingly large numbers of these primitives,
yielding a fairly unwieldy representation.
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\ Motion scalei pT
i 4 ¢Motionscalei I

Fig. 32. Splines can represent arbitrary curve
and can be fit to measured data points. Phc Fig. 31. Volumetric motion-scding by selecting different motion scaling
credit Gary R. Osgood. parameters for each side of a surface.

Instead, we hypothesize that a splingparameterization of higher order virtual fixtures will be an
effective and easyto-use representation A spline is a curve dfined by piecewise polynomials
where ocontrol points define the transition between the polyromials, as shown inFig. 21. In
particular, B-splines are a popular spline representation thatise basis functions to define internal
knot points that the curve must pass throughComplex and smooth trajecbries can be created with
relatively few parameters and have a number of advantageous featuseB-splines can be fit to
measureddata [71, 113], can be easily extended to surface§5, 29, 35], and are already used in a
number of surgical approaches[32, 33, 66, 67].

An important requirement for all virtual fixtures in our framework i s the ability to do orthogonal
mapping (often referred to as point projection) to find the closest point on the fixture which is
made possible bya wide variety ofnumerical algorithms [25-27, 70, 72]. Volume constraints can be
enforced by Bspline surfaceswith side-dependent motion-scaling (e.g motion scalethat changes
depending onwhether the tip is above or below thesurface fixture as inFig. 31). Thus, when
crossing the surface into the area defined bgeparating surfacefixture, the tip motion can be
stopped by a hard vrtual fixture or motion -scaled by a soft virtual fixture.Constructing multiple of
these surfaces allows forarbitrary shaped volumes, although care needs to be taken during
construction to prevent incompatible settings.

Orientation Virtual Fixtures

While tip position fixtures are availablein the virtual fixtures framework, an existing omission is
control of the instrument orientation. Orientation-based virtual fixtures are particularly important
for laser-based applications where the surgeon is lessti@rested in tip position and more interested
on where the laser beamhits the anatomy.Perhaps the best way to formulate such a problem is
with projective geometry. By controlling the tip position and orientation, the laser beam can be
treated as a ray inspace. To enforce morientation virtual fixture that keeps the laser beamincident

on a particular position, the ray representing the laser beam must intersect the Micron pivot
position, the tip, and the desired target on the anatomys shown inFig. 33. This orientation
problem is under-constrained because both the pivot point and the tip can be changed. For
maximum effectiveness, additional constraints are necessary, such as on the tip position or
minimum actuation effort to solve for the leastsquares solution.
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Unfortunately, several nonidealities are
clearly evident in the system. The tip may not
be straight, or the fiber optic sheathed inside
the tip may not be straight. The location of the
pivot point is currently treated as a rigid
transform; however, it is dependent on
mechanical flextures which may be difficult to
model. Introducing a skew angle at the tip of
the instrument, creating a lookup table for
pivot positions at various angles, and
performing other calibrations of the system
non-idealities is likely to improve estimates,
although the calculated orientationswill likely

only be good enough for first order
approximations. Feedback control on the . /Target
tracked laser beam will probably still be /

required for the most accurate orientation Fig. 33. Orientation virtual fixtures constrain the tool to be
virtual fixture. Unfortunately, feedback control oriented towards a point.

on the tracked laser beam depends on the

video cameras, which have a much slower update rate and higher latencies. Incorporating the
vision information into the feedback loop wil be left for the more applicationdriven task-specific
behaviorsif needed.

Composition of Virtual Fixtures

An area of weaknessin the current formulation is a neat, compact, and efficient method for
combining primitive virtual fixtures to encompass more complex surgical movements. For clarity,
we define composition of virtual fixtures as two distinct classes: temporal compositions and spatial
compositions. Temporal compositions model how virtual fixtures change over time, whethein
response to changinganatomy orchangsET  OEA OOOCAT lledrénsitiering fiokloid HI1 AT h
step in a procedure to anotherAn important consideration is how to enforce the virtual fixtures in
the presence of temporal uncertainty due to the way virtual fixtures are devied from noisy vision
data. Spatial compositions occur when multiple virtud fixtures exist simultaneously but are
separated spatially. Examples of this include compound virtual fixtures such as boxes constructed
from planes and compositions of position ad orientation virtual fixtures. Another important
consideration is the priority of each virtual fixture. During operation, it may become impossible to
satisfy all of thefixturesoconstraints. A form of management will be necessary to choose which
virtual fixtures have priority in cases of conflict. We propose to extend the virtual fixtures
framework to allow easycombinations of prioritized virtual fixtures.

5.1.2 MODELPREDICTIVECONTROL

Experiments with virtual fixtures has shown that as we increasingly drivelown positioning error,
the latency in our control effort is becoming one of the largest contributors to positioning
inaccuracy.
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Fig. 34. Comparison of an Extended Kalman Filter and a lepass filter on recorded tremor data for state estimation ¢
position. The true position is estimated as a 50 Hz forward/backward (filtfilt) filter operation.

State Estimation

Good state estimationis useful for reducing high frequency noise and for accurate predictionsto
the future. One of the key observations in reducing noise is that some behaviors are physically
impossible, i.e. extremely rapid changes in positioare simply not possible. In another words, there

is a model that describes the physical behavior under observatio Likewise, there are physical
constraints on the measurements, i.e. the entire tool must rigidly rotate and translate. These
additional constraints on the measurement can be employed to reduce noise. A related problem is
estimating states of the systemHhat are not directly measured. For instance, Micron measures only
positions; however, in many situations, an estimate of the velocity or acceleration is useful.
Numerical differentiation is possible, but is extremely noisy.

Similar to [34], we propose to use the Extended Kalman FiltdEKF) to simultaneously reduce noise
and provide state estimates for the Micron systenT he available measurements are the positions of
four LED lights on Micron; three are mechanicallyocated on the actuated shift/tip and one is
located on the handle. Seresl by two PSDs, stereo reconstruction is used to obtain 3D positions of
each of the four LED lights. We propose to use these 3D positions in the measurement model,
although it may be worth investigating using the raw PSD datas the observationsand the sereo
projection as the measurement model. The desired output of the EKF is thdl 6-DOFpose of the
tip and handle (i.e. translation and rotation), and their derivatives (i.e. translational
velocity/ acceleration and angular velocity). The input is the pces estimated from the 3D
measurementsusing the three coplanar pointpose estimation by Hord O | A%3E GoAd state
estimation benefits both lowlevel and highlevel control systems.Fig.34 shows a comparison of an
EKF vs. a lowpass filter for estimating the true position of the tip of Micron by the proposed
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system.Notice that the EKF overshoots by a few microns during rapid velocity changes, but does
not incur the severalmillisecond time lag that a lowpass filter exhibits.

Hand Tremor Feed Forward Control

With virtual fixtures, it is theoretically possible to eliminate all positioning error and keep the tip of
Micron perfectly located on the fixture. However, practically there are still sources of inaccuracies
in the system that prevent pefect positioning. Investigation into the sources of these inaccuracies
revealed that hand tremor is one of the largest contributing causes of positioning inaccuracy. While
the majority of tremor is suppresseda small part of the tremoris still evident in the output, causing

a high frequency jitter motion around the virtual fixture. Upon further analysis, the error was
discovered to be highly correlated with the velocity of thenand motion. Because there is a-8 ms
latency in actuation and the feedback adrol is based on the position of the tip of the instrument,
high velocities cause the goal position calculated to cancel tremor to be out of date by the time the
actuation is accomplished.

We propose to develop models of the hand tremor, predict the matn of the tremor 3-6 ms into the
future, and feed forward the results into the control system to more effectively suppress the
tremor. Using the state estimation from the EKF, tip velocities will be availablBy fitting models to
the hand velocity and feeding forward the 3-6 ms velocity-compensated goal positios into the
control system should provide more accurate positioning and better tremor suppressiorl.remor
models such as FLG93, 112], autoregressive [12, 119], and Kalmanfilters [19, 20] will be
investigated.

5.1.3 3D VISIONIMAGING

In order to provide the surgeon taskspecific behaviors and assistive virtual fixtures derived from
anatomy, the system must be able to quickly and accurately track thestrument tip and relevant
anatomy in 3D.To avoid broadening the scope to all surgical tracking, we focus on the previously
specified problem domain ofretinal laser photocoagulation and vessel cannulation. In these
surgeries, the necessary 3D vision iaging work can be broken down into several components
vessel localization and anatomy tracking

Vessel Localization

In both domains of interest, vessel identification and localization is of great importance. In laser
photocoagulation, accidentally hittinga vessel with the laser can result in blindness. In vessel
cannulation, accurate localization is required to aid the surgeon in piercing the vessel and injecting
medicine. Color-based modelssuch as[118] are effective at locatingthe 2D locations of the vessels;
however, the 3D depth ofthe vessels is more difficult to estimate A full 3D representation of the
vessel at each point in the image is essential to providing taspecific behaviors. Bcause vessels
are usually smooth and textureless neither typical stereo matching algorithms or descriptor-
based matching works well Although existing approaches exis{69, 79], they work with holistic
views of the entire retinasuch as fundus imagesThe proposed wak will attempt to apply these
approaches to smaller regions of the retina at higher magnification€Conceptually, such algorithms
should yield results as seen irfrig. 35.

Anatomy Tracking
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Virtual fixtures are usually defined relative to some anatomy. For example, one virtual fixture might
provide motion scaling around a vessel and another one might prevent the tip from touching the
retina. Therefore,one important vision task is to track anatomy of interest toacaurately generate
the virtual fixtures. Eye movement is normal during retinal surgery as the surgeon will often rotate
the entire eye inits socket via the schlerotomy. Similar to tracking camera movement in a typical
computer vision application, knowing when the scene is moving is useful for maintaining correlst
generated virtual fixtures and developing feed forward models for the control systemLikewise,
tracking anatomy to target for instance, with the laser beam in photocoagulationor to avoid (such
as the retina in case of cannulation) can influence the success of the surgery and limit collateral
damage.A wide variety of computer vision algorithms could be applied to this problem, including
tracking keypoint descriptors such as SURP5]. Anothe option is template trackers[6] that can be
initialized around anatomy of interest and iteratively located in each frameFull reconstruction of
the retina in 3D has been reported[28] as have various surice parameterizations ofstereo
reconstruction [29, 90]. Such algorithms will be applied and modified as necessary ttrack
anatomy andconstruct meaningful virtual fixtures.

5.1.4 TASKSPECIFIBBEHAVIORS

The final core component is to combine all the the@tical aspects of the proposed work and apply
it to realistic surgical scenarios. Specifically, we propose to develop taskecific behaviors for two
target retinal procedures: laser photocoaglation and vessel cannulation. In both instances, a large
part of the development of the taskspecific behaviors is notonly what behaviors to select, but
when to activate them and how to transition between behavioraMuch of thisresearchwill require
working closely with the surgeon on the project to determinavhich aids are most effective

Retinal Laser Photocoagulation
In laser procedures, there are several behaviors that are useful to the surgeon. efor
compensation serves as both gross positioning aid as well as a psychological taidhstill trust into

2ECEO #A

To
m
O
B
>

z

x$ 2AATTC

s 6AOOAQEI T AAI

Fig.35. Desired vessel reconstruction should use stereo matching to locate the image in 2D and reconstruct it in 3D.
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the surgeon. Orientation virtual fixtures are particularly useful to burn designedtargets with the
laser, as arecurved trajectories to move between orientations. An important constraint to maintain
is the distance from the tip to the target location to ensure t laser burn is effectual, yet not too
hot. Such constraints and others must be considered to build the correct set of virtual fixies and
transition between them during the operation.

Retinal Vessel Cannulation

In cannulation procedures, fine positioningis extremely important as vessels can be less than 50
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to be free from axial movement, andduring infusion the tip must be as motionless as possible.
Equally important is preventing the tip from accidentally coming into contact or gouging the retina

on which the vessel lies. A number of virtual fixtures can besed for this procedure. First, if the

retina surface can be accurately located, volume constraintae prevent the needle from touching

the retina. Second, a curve virtual fixture can enforce the tip to follow a smooth trajectory to the

vein. Third, once the tip punctures the vessela point virtual fixture can keep the needle in the

vessel for the infuson.

5.2 EVALUATION

To validate the effectiveness of the proposed research, a number of tests will be performed with
novices and surgeons. For each of the three hypothesis proposeshrlier, we present a set of
experiments for validation.

1. Micromanipulation tasks can be decomposed into steps, during which applying tip position
constraints (virtual fixtures) with a handheld tool increase operator precision and safety.

The theoretical aspects of the work, such as the virtual fixtures frameworkcluding the model
predictive control, will be tested by novicesand surgeonsin synthetic tests such as hold still and
curve tracing. In these experiments, we assume-priori knowledge of the behavior the surgeon is
performing and enforce virtual fixtures that aid the belavior. For more applicable tests, synthetic
touching and pointing tasks will be performed to simulate vessel cannulation and laser
photocoagulation tasks. Accuracy in these tasks will be measured with varying degrees of
micromanipulator control, ranging from none to full. Safety will be measured by defining avoidance
zones and measuring how well the virtual fixtures framework keeps the tip inside these zones.

o)
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allowsthe controller to select and customize the virtual fixtures.

The 3D vision imaging will be validated experimentally in so much as the reconstructions seem
internally consistent (i.e. physical contact results in contact in the tracked 3D modelspther
imaging analysis will be evaluated both offline and online. For instance, alignmemiccuracy
between pre-operative images and video images will be reportedlo determine if the taskspecific
behaviors activate properly based on the context, tests under a nety of operating conditions will

be simulatedand logs of the behaviors that activate (and the chosen parameters) will be analyzed.
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3. Visionbased virtual fixtures aid surgeons during microsurgical operations.

The taskspecific behaviors represent a mee practical application of the proposed work and will be
tested by at least onesurgeon in surgical procedures withex vivoor in vivo animal models. For
retinal laser photocoagulation, paper slides with printed patterns or excised porcine retina will be
used as the model. For retinal vessel cannulation, excised porcine eyes or chicken §§§$ will be
used as the animal modelTests with surgeons onlive animal models, such a# vivo rabbits, are
planned asmost applied test of the thesis concepts ireal microsurgical conditions. We will analyze

the resulting data for positioning accuracy, operation timeOQOOCAT 1 6 O AT Cdpéaidan O A
success rates.

5.3 EQUIPMENTBUDGET

In order to complete the proposed work with optimal results, additional hardware would be
helpful. Chiefly, higher resolution and framerate cameras would increase accuracy in tracking the
instrument tip and anatomy, yielding more stable virtual fixtures. To handlghe increased data
rates from the cameras, a new mulcore servergrade computer is necessary.Finally, to provide
visual cues to the user, various lenses and displays are needed to inject images directly into the
microscope.A tentative budget is shownin the table below.

Item Price | Date Justification

GTX 470 Graphics Card $300|. | O | Forfast GPU image processing

(2X) Flea3 USB 3.0 Cameras | $2000 | SumO p | High resolution (1280x1024) cameras at high
speeds (up to 150 Hz) for 3D sensing.

Dual Opteron6128 Computer | $1700 | SumOp| 16 core srver grade computer to process
visual dataand handle composite fixtures
Display, kenses,& other optics | $1000 | 3 O For image injection into the microscope
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5.4 WORKSCHEDULE

We propose a yeafong timeline to complete the proposed work. Development of the virtual

fixtures framework and preliminary model predictive control work has already been accomplished.

$ O0OET C 3 AheBHes®s propgosalhwill be given andthe model predictive control will be

finished. Summer6 pp BDOEI[ AOE I farmaliEhgA BeOWidal fixtlires framework and

developing the 3D visior8 & A tohsistd pfapplying the new virtual fixtures framework to the

task of vessel cannulation and laser photocoagulation and improving the vision seng 3DOET C 6p
is reserved for final experimentation, dissertation writing, defense, and revisions.

ltem \ Time i ¢ 3PDOET C|sum| &A1l ( 3POEI C
Develop Virtual
Fixtures Framework
Develop Model
Predictive Control

Propose Thesi

Formalize Virtual
Fixtures Framework
Develop & Improve
3D Vision Imaging
Develop Cannulation
Behaviors

Run Cannulation
Experiments
Develop Laser
Behaviors

Run Laser
Experiments

Write Dissertation

Defend Dissertation
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6 (CONCLUSION

In this thesis proposal, we have reviewed some of the challenges in micromanipulator behavioral
aids and identified the central hypothesis thathe development of more effective behaviorscan be
achieved bythe fusion of vision and control to provide realtime, contextual aids to the surgeonWe
have presented preliminary work in retinal laser photocoagulation and vessel cannulation,
motivating the development of a more general and extensible framework that incorporates
tremor suppression, motion-scaling, and virtual fixtures. We have proposed four core areas of
research for the thesis: formalization of the virtual fixtures framework, development of model
predictive control, 3D imaging of amtomy, and integration with taskspecific behaviors.
Evaluations will be performed onex vivoand in vivo tissue, demonstrating the applicability ofthe
research to microsurgical operations.

6.1 EXPECTEMCONTRIBUTIONS
As a result ofproposed research we exgect the main contributions of the thesis will be

9 The formalization of a general and extensibleposition-based framework for handheld
microsurgical instruments that incorporates tremor suppression, motion scaling, and
virtual fixtures .

1 The development of model predictive control and tremor models to explicitly address
latencies in the control systems of handheld micromanipulators.

1 The integration of control and vision algorithms into a unified system forvitreoretinal
microsurgery.

6.2 FUTUREDIRECTIONS

The proposed work makesa progressive stridetowards the goal of synergistic behavior aids that
attemptto OT AAOOOAT A OfedtiodpnasChli tHisodly represents a small step in the
direction of intelligent aids for the surgeon. Future work shouldinclude investigating how the
proposed virtual fixtures framework can be applied to a wider range of surgeriedNew sensor
modalities such as OCTshould be investigated to allow sub-micron accuracy in 3D tissue
reconstruction [7]. Hardware improvements to increase the rang®f-motion, increase slew rates,
and decrease latency would be of great benefit many surgical applications Another future area of
great interest is force sensing, where Micron could not only sense, but control how much force is
being applied to delicate tissue in order to prevent accidental damagkleally, research in these and
OAl AGAA AEOAAOQEITO xEIil UEAIT A O AT OEA bl AOA&I 0Oi O
positioning accuracy of micromanipulators to make the operating room a less scary place.
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