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Abstract—Peeling delicate retinal membranes, which are Operations. For instance, tremor suppression dilteut

often less than Sum thick, is one of the most challenging retinal
surgeries. Preventing rips and tears caused by treon and
excessive force can decrease injury and reduce theeed for
follow up surgeries. We propose the use of a fullpandheld
microsurgical robot to suppress tremor while enforing helpful
constraints on the motion of the tool. Using sterewision and
tracking algorithms, the robot activates motion-scéed behavior
as the tip reaches the surface, providing finer cdrol during
the critical step of engaging the membrane edge. ard virtual
fixture just below the surface limits the total dowward force
that can be applied. Furthermore, velocity limiting during the
peeling helps the surgeon maintain a smooth, constaforce
while lifting and delaminating the membrane. On a jpantom
consisting of plastic wrap stretched across a rubbeslide, we
demonstrate our approach reduces maximum force byG470%.

M

(ILM) [1]. Epiretinal membranes are thin fibrous/éas that
grow on the retina over time or in conjunction wither
retinal diseases. Because they distort the resimdiace, they
are often referred to as “macular puckers” and eatimight
lines to appear wavy. The ILM is a very thin laybat
separates the vitreous from the retina and is oftemoved
during the treatment of macular holes, a commorditiom
where the vitreous pulls and tears the retina.abilifate the
closure of the macular hole, removal of the ILMward the
hole is advocated to alleviate tangential pres$tom the
surrounding retina [2]. Removing these membranesives
a technique known as membrane peeling,

I. INTRODUCTION

challenging procedure that sometimes requires me@ut

worth of attempts [1]. Unsuccessful peeling carultem
poor visual outcome [3] and one study showed upO8h of
patients exhibited inadvertent injury and defentthie nerve
fiber layer after performing ILM peel [4].

Using Micron [5], a fully handheld micromanipulatibrat
is more fully described in Section I,
microsurgical aids for the surgeon during membrnaeeing
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unintentional and involuntary hand motion, therebgiding
fast, jerky movements that might tear the membrane
retina. In Section Ill, we also propose positiorsds virtual
fixtures to provide finer control near the surfaasing
motion scaling. A hard stop virtual fixture justder the
surface prevents the application of excessive force
Likewise, velocity limiting during the membrane
delamination helps maintain a smooth, even foreetiGn
IV reports force results in a phantom involving Ipege
plastic wrap from a rubber slide. Conclusions auoture
work are discussed in Section V.

Il. BACKGROUND

In vitreoretinal microsurgery, membrane peelingoires
three steps: engaging, lifting, and delaminatingriby the

EMBRANE peeling is a common retinal surgery toengaging stage, the surgeon slips a bent bladeak just
remove epiretinal or internal limiting membranesunder the membrane. The membrane is then liftegy ver

slowly to prevent tears. Often this involves slighi and
down movements while advancing the tool to tunnedax

the membrane. Once an edge of the membrane has been
partially lifted, the surgeon carefully delaminates peels,

the membrane from the surface. See Figure 5 fexample

of peeling on a phantom. High forces and thus high
velocities should be avoided to avoid damage. Geptal.
measured forces during vitreoretinal procedurelsetainder

7.5 mN [6] while Balicki et al. report typical tigelocities
during membrane peels around 100-p6Us [7].

a techyicall A. Existing Approaches

Various micromanipulators and robotic aids exish&bp
surgeons during vitreoretinal microsurgery, such ths
Japan Eye Robot [8], CMU Micron [5], and JHU
SteadyHand [9]. Designed specifically for retinargery,
SteadyHand is a cooperatively controlled robot stares
control between the surgeon and a stiff, non-bacitle

-

Fig. 1. Fully handheld micromanipulator Micron, mout Vhousing to shc
the three pizeoelectric motors and LEDs for opticatking.



robot arm. Using force feedback and scaling teakssq
Balicki et al. demonstrated membrane peeling imanpom,
successfully limiting forces applied to the memierd].
However, the focus was on the delaminating stepdéchdot
include engaging the membrane; furthermore, laageek

needed were needed to control the SteadyHand a2 (~

N), which caused fatigue and decreased precision.

B. Micron

To address issues in the delicate micromanipulatibn
retinal membranes, we propose to use our fully halt
micromanipulator, Micron [5]. Pictured in Figure ljcron
is a uniqgue 3 DOF micromanipulator with three attitg
located between the handle and instrument endteffec
Arranged in a star-pattern, the piezoelectric aorsadrive
the tip, allowing for movement independent of trendile
motion. A variety of behaviors have been demonstratith
Micron, including tremor suppression, motion saglimnd
virtual fixtures [10]. The range of motion of Migras about
2x2x1 mm centered on the handle (or null) position.

Positioning information is obtained from ASAP, stam
optical tracking hardware system [11]. By triangulg three
frequency-multiplexed LEDs on the shaft of the riastent
and one LED on the handle, full 6 DOF pose inforarabf
both the handle and tip information can be caledail’wo
Position Sensitive Detectors (PSDs) triangulatetiposat 2
kHz within a workspace of approximately 4 %m
Measurement errors are less thanut® RMS, allowing for
fast-rate, closed-loop position control of the npaifétor.

C. System Setup

Micron is designed to aid microsurgical tasks urigh
magnification. In this paper, a Zeiss OPMI 1 suabic
microscope with 29X magnification is used. A 27 ggia
hypodermic needle is attached to Micron and equippi¢h
a bent 5 mil Nitinol wire to simulate a microvitretinal
pick. The Nitinol wire is tapered and painted whii@

Fig. 2. Micron setup for membrane peeling. Micr@) (ises the ASA
optical sensors (b) for operation under a surgiaroscope (c). Arec
rubber slide mounted on the load del) is observed by the surgeon anc
stereo cameras (€). An image injection system \(érlays visual cues
the microscope eyepieces.

hand motion, while allowing voluntary motions. Wseuwo
forms of tremor suppression, depending on the stédbe
procedure. During the engaging and lifting stepsfirst
order low-pass Butterworth filter with a cornerdtency of
1.5 Hz improves manipulation precision while legyvimost
of the manipulator range available for the more angnt
depth-limiting virtual fixtures. During the delanaiting
phase, a more advanced low-pass shelving filtesé [5].
The shelving filter acts as a hybrid algorithm tlredso
includes a relative motion scaling effect. It pdeé an extra
30-50% improvement in pointing accuracy over thsiba

facilitate tracking by cameras. Two PointGrey Flea®w-pass filter [5].

cameras attached to the microscope beamsplitteosdréhe
same view the surgeon sees. Capturing 1024x768.teso
images at 30 Hz with a pixel size of 3, the cameras are
used to reconstruct the surface and instrumerib&gtions.
To measure force, all tests are performed on top fad
cell, which measures Z-force at 2 kHz and has aluésen
of 0.3 mN RMS. Figure 2 shows the complete systetus

Ill. METHODS

We propose to aid micromanipulation of retinalg

membranes and facilitate peeling procedures by reimigp
tremor suppression, multi-part vision-based virtficetiures,
and velocity limiting with Micron.

A. Tremor Suppression

Because tremor, the involuntary physiological nmotaf
the human hand, is on the order of 100 [12], it is a chief
source of difficulty when manipulating at sub-mnales.
Tremor suppression aims at reducing tremor comgerian

B. Multi-Part Virtual Fixtures

While tremor suppression aims to improve
micromanipulation accuracy by reducing tremor, thidl
not aid cases where the surgeon presses too deéplthe
retina while trying to engage or lift the membrane.
Assuming displacement to force proportionality .(i.e
F = —kx), regulating the Z-depth excursions into the wetin
is a more viable solution for limiting retinal fas. We
ropose a multi-part virtual fixture control systemotion
caling near the retina and a hard stop at a mamimu
allowable depth.

1) Motion Scaling Virtual Fixture

During membrane engagement, it is desirable toesail
motion down by a fixed factor to increase manigatat
precision. For instance, with a scaling factorved,ta 50um
hand motion will yield a 25um motion at the tip of the
instrument. Higher scaling factors afford more wien, but
use more of the manipulator range; thus for a dualence,



we choose a scaling factor of three. Likewise, doserve
manipulator range and ensure unimpeded motion Iphtal

the membrane, only motions normal to the surface a

scaled. Ideally, motion scaling is activated jubbwe the
membrane to benefit the engaging and lifting steps.
2) Hard Stop Virtual Fixture

As a last-ditch effort to prevent excessive dowrdvar

force, the tip can be stopped altogether from ngpwioo
deeply into the surface. This “hard stop” virtuaktdire
imposes a limit at a pre-defined particular Z-depithe
depth limit can be chosen based on the= —kx
relationship for a force that is deemed excessive hard
stop can be maintained as long as the manipulatager is

not exceeded. Because the apparent stop to downw
it i

motion breaks the eye-hand coordination loop,
important to notify the surgeon that the hard dteg been
reached. This can be accomplished audibly as irof#lia
some other cue; we discuss this issue in more dipth
Section IlIl.E.

3) Virtual Fixture Control

Since the measurements available to Micron areé6the
DOF poses of the tip and handle, all control of idicis
position-based. For instance, tremor suppressiorksvby
calculating a filtered goal position from the nghandle)
position and performing position control to bringet
instrument tip coincident with the calculated gdakewise,
our formulation of virtual fixtures uses the inpaull
position from the handle motion to drive the tigsiion in a

Without

Micron

Motion

u Scaling
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Fig. 3. lllustration of varying levels of positidrased virtual fixtures. /
the surgeon moves the null position (c) below thiual fixture boundar
(a), the tip position (b) is influenced by the wated behavior. Witho
Micron, the tip position follows the null positiokVith a hard stopthe tif
position follows the virtual fixture boundary rediss of the input nt
position. Motion scaling compromises between tRiife and human.

Fig. 4. Left image of the stereo pair (a) and tberesponding dispari
map (b). Note the disparity map has been exaggktatdllustrate th
overall reconstruction; the maximum height diffezenin the surface
only a couple hundred microns. Figure best viewecbior.

way that is compatible with the intentions of theeny yet
st%l complies with the virtual fixture. For inste® a hard
g p virtual fixture defined by a surface can bémed by
Erojecting the null position onto the surface, tlingling a
goal position that satisfies the virtual fixture ileh
simultaneously being as close to the desired, human
indicated position as possible. Motion scaling adua
surface is accomplished by projecting the null posito the
surface, then linearly interpolating between thetusail
fixture position on the surface and the null positindicated
by the handle. Figure 3 depicts the relationshipyben
various virtual fixtures. For details on the implkemation of
position-based virtual fixtures with Micron, se®]1

C. Displacement Measurements

Central to the virtual fixture control of limitindepth is
the distance measurement from the tip of the instnt to
the surface. Without good estimation of this displaent,
the multi-part virtual fixture control will be lesffective at
providing helpful aids and thus limiting forces. $ense this
displacement, we use dense stereo reconstructobioeally
planar surface estimation.

1) Dense Sereo Reconstruction

Although a variety of sensing modalities exist teasure
displacement from a surface, we find an inexpensyet
effective method is dense stereo reconstructiongushe
stereo images from the cameras attached to thecalrg
microscope. While any sufficient discussion of destereo
is too long for this paper, a review of stereo wisi
techniques may be found in [13]. For efficiency, wesize
the camera images from 1024x768 to 640x480. We then
rectify the images with a pre-computed homography
obtained from automatically matching SIFT key psint
between the left and right images.

The Open Computer Vision (OpenCV) library is used f
processing images and performing block stereo rragch
Because the surface is known to be relatively smawtd
continuous with limited local variations, a largmdk-size
of 151 pixels is used. This also has the advantddeetter
rejecting camera noise/blur, the tip of the instenin and
local deflections of the surface caused by contéti the
tip. Full dense reconstruction with 16 levels ofirity (and
4 fractional bits of precision) runs at 13 Hz. Figgd shows
an example of the disparity depth map.



Fig. 5. The membrane peeling proéedure with plagtap on a rubber slide.
sliding the tip underneath the membrane (b-c)irdfi{(d-e) involves a slight up and down movement as tlge @d the membrane as it is separated
the surface. Finally, the operator delaminateg (g membrane by pulling it away from the surfaesulting in a peeled membrane (h).

2) Surface Estimation

First, the operator apgrea with the toala) and engages the membran

place limits on the velocity of the tip to avoidcessive

Although displacement measurements could be madewards force. During delamination, velocities eapped at

directly from the calculated disparity at the tipcation,
stereo matching noise and low frame rates are @nudttic
for accurate and fast reactions. To remedy thesblgms,
we first transform the calculated disparity into 3rld
coordinates and then locally approximate the serfam
transform the disparity into the 3D world spacedubg the
optical tracking, the stereo cameras are registévethe
optical trackers with a 30 s calibration proceddtas initial
registration is re-used for each run; nonlineagitiare
corrected with an adaptive least-squares calibrdfid].
Locally approximating the surface immediately belihws
tip of the instrument has two advantages: lessenaigl less
lag. We assume a locally planar surface representat
although higher fidelity models such as quadraticnon-
parametric (mesh/b-spline) fits could also be erygdio For
additional robustness to outliers and noise indisparity,
outlier rejection is performed using 20 iteratiors

100 um/s. Combined with the shelving filter [5] that sets
relative motion scaling, very smooth, low velocity
movements are possible.

E. Visual Cues

Because Micron has a limited range of motion, piing
feedback to the user during operation about howhnafiche
range of motion is being used is beneficial. Irt,fathen the
eye-hand coordination feedback loop is broken, @éuging
velocity limiting or the operation of virtual fixtaes, it is
necessary to provide some indication of the ermrthe
operator does not drift away from the goal unbodnder
example, when the hard stop is active, the tipré&vented
from dipping below a preset Z-depth. However, frtme
perspective of the user, the tip stops for no amgareason,
leading the user to assume that more downward masio
needed. To prevent this, cueing is required to gpately

RANSAC [15]; the least-squares surface fit is thesignal the operator. Our system displays two cacuisual

calculated from the resulting inliers. With a robuscal
surface representation transformed into 3D worlécep
displacements can be measured at 2 kHz with eaettipe
position update from the high-bandwidth opticalckers,
resulting in high bandwidth control.

The precision of the surface estimation is g RMS.
Any high frequency noise in plane estimation is sthed
by the tremor suppression filters. The combinedsdestereo
reconstruction and surface estimation code rudg &iz.

D. Veocity Limiting
While the motion scaling and hard stop virtual dbes aid

cues injected into the optics of the microscopee @incle
displays the goal position and the other displagsrtull (or
hand) position. Relative Z-positions are depicted the
radius of the circle representing the null positivvie vary
the circle color from green to red as an indicatidrhow
close the manipulator is to saturation. This apghnokeeps
the surgeon informed of drift or when manipulatatusation
is imminent.

IV. EXPERIMENT AND RESULTS

All experiments are performed on a phantom for
repeatability. The phantom is a red rubber slideimed to a

during the engagement and lifting steps, a differefyag cell that measures vertical force during theire

mechanism is needed for the delaminating step wietip
is relatively far away from the surface. Duringatelnation,
very low tip speeds are desirable to avoid rippihg
membrane. Assuming a velocity to force proportiibpave

operation. To simulate the membrane, Glad® ClingWra
(10-12 um thick) is laid on top of the rubber and smoothed
down using a Q-Tip to form a tight seal. The peglin

procedure is then to engage the edge of the phastip, lift,
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Fig. 6. Displacement above the surface and forasmements during clamped experiments with thriéereint behaviors: (ayemor compensation, |
tremor compensation + motion scaling below 0, and (c) tremor compensation + motion scalingwed0um + a hard stop ab0 um. In all case
Micron was manually lowered and raised 6®0 using a micropositioner over a 10-15 s period.

and pull it away from the rubber slide. Primary leation scenarios were tested: unaided without Micron aiteda
and criteria for success are force measurements. with the described system. As before, motion sgalis
activated 5Qum above the surface and a virtual fixture hard
] ) ~ stop 50um below the surface is enforced. The transition
Several experiments were conducted with Micropeqyeen depth-limiting virtual fixtures to the shiel filter
clamped in a vise and attached to a manual micib@osr ity velocity limiting occurs when the system désethe
to verify the efficacy of various subsystems of fieposed | ,embrane has been lifted. Currently, the systemitorsn
system. First, to test the quality of force mease®ets, we fqrce for a change from downwards to upwards fate
applied a constant force to the load cell and dafed a (erain magnitude (2 mN) as the transition cue. &iew,
precision of 0.3 mN RMS. To measure the combinegymnyter vision could be used to detect the menebbaing
precision of the dense stereo reconstruction, eerfajifieq in the disparity map. Throughout the expesir force
estimation, actuation, and force sensing, the fiM@ron 4413 was gathered at 2 kHz and passed through a
was deflected 5am below the estimated surface. The RM$,jgirectional 50 Hz lowpass filter to remove noiségure 7
precision Qf t_he f_orce under this scenario was mmisto _be shows a typical unaided (without Micron) and aidedth
0.5 mN, indicating good system performance in &icsta wicron) trial. Notice the hard stop limiting the woward
environment. . . ~ force and the velocity limits regulating the upwarirce
To demonstrate the behavior of the depth virtuelfes | nhile the tremor suppression greatly reduces jedsn The

during the engaging and lifting step, we simulat®o®@n and - aimum upwards and downwards forces averagedtbeer
up maneuver by lowering the micropositioner holding ns are listed in Table 1.

Micron 600 um. The multi-stage virtual fixtures consist of

motion scaling that is activated automatically wtiba tip V. DISCUSSION ANDFUTURE WORK
drops below 50um and a hard stop virtual fixture that
prevents the tip from moving below -50m (which
corresponds to about 4-5 mN of force with our rubb
phantom). The tip behavior and force were evatlateder
three conditions: tremor suppression only, trem

A. Clamped Experiments

We have described a robotic system for retinal nramid
Epeeling and demonstrated its effectiveness in edipg
force in a realistic phantom by reducing forces4By70%.
O'Fhe novelty of our solution in aiding membrane peglis

suppression with motion scaling, and finally inéhgla hard TABLE |
stop. From Figure 6, we observe the desired behdoio MAXIMUM_UPWARD/'DOWNWARD FORCEDURING PEELING
i i i i Downward
both the motion scaling and hard stop virtual figtl Scenario Trials Force (mN) Fgg\év?;gm
B. Handheld Peeling Experiments Unaided 8 11.4%15 8413
Finally to validate the entire system during handhe Aided 8 3.0+1.1 5.840.9
% Reduction 73.6% 42.9%

operation, 8 trials of membrane peelings were peréal in

the phantom under the surgical microscope by aCROVIWO Max forces on the phantom during unaided and gideding trials.
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Fig. 7. Displacement and force results from a @bimaided trial (a) and aided trial (b) of memizraeelingShaded areas indicate which behavior:
active during the experiment. Note that since Micoff in (a), the tip position is the null pasit. Figure best viewed in color.

three-fold. First, it utilizes a light-weight, fyllhandheld
micromanipulator, avoiding the bulkiness of maslax/e or
cooperative robotic arms and capitalizing on sunigo
familiarity with handheld tools. Second, we encosges the
entire  membrane peeling procedure (engage, liftd arf!
delaminate) on a phantom with similar force charastics
to the retina under a surgical microscope. Thirdy o [7]
approach uses no direct force feedback. Tremorreapjon,
position-based virtual fixtures derived from visualg
information, and velocity limiting modes are showm
provide not only smooth micromanipulation, but also
sufficient information to regulate forces on themfeane,
even in the absence of direct force feedback inctirgrol
loop. This is particularly useful because no masitions to
existing tool tips or instrument attachments arpined.

In the future, we would like to include more robustio
mechanisms for transitioning between behavioras,asdich
as using the disparity for swapping to velocity iting [11]
mode. Future work will also focus on extending the
approach here into more realistic environments sash
chicken egg membranes oex vivo porcine retinal
membranes.
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