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Intraocular Robotic Interventional Surgical System (IRISS):
Semi-Automated OCT-Guided Cataract Removal

Cheng-Wei Chen, Yu-Hsiu Lee, Matthew J. Gerber, Harrison Cheng, Yan-Chao Yang,
Andrea Govetto, Anibal Andrés Francone, Stefano Soatto, Warren S. Grundfest, Jean-Pierre Hubschman, and
Tsu-Chin Tsao

Abstract— Background: With the development of laser-
assisted platforms, the outcomes of cataract surgery have been
improved by automating several procedures. The cataract-
extraction step continues to be manually performed, but due to
deficiencies in sensing capabilities, surgical complications such
as posterior capsule rupture and incomplete cataract removal
remain.

Methods: An optical coherence tomography (OCT) system
is integrated into our IRISS robot. The OCT images are used
for preoperative planning and intraoperative intervention in a
series of automated procedures. Real-time intervention allows
surgeons to evaluate the progress and override the operation.

Results: The developed system was validated by performing
lens extraction on 30 post-mortem pig eyes. Complete lens
extraction was achieved on 25 eyes and “almost complete”
extraction was achieved on the remainder due to an inability to
image small lens particles behind the iris. No capsule rupture
was found.

Conclusions: The IRISS successfully demonstrated semi-
automated OCT-guided lens removal with real-time supervision
and intervention.

Keywords—robot-assisted ophthalmic surgery, OCT-guided
surgery, robotic surgery, intraocular surgery, automated
cataract surgery, cataract extraction

I. BACKGROUND AND MOTIVATION

Cataracts—an opaque clouding of the lens in the eye—are
the leading cause of blindness in the world [1]. Cataract-
induced blindness is remedied by cataract surgery, which
is the most frequently performed surgical procedure in the
United States [2]. With a success rate over 90%, cataract
surgery represents one of the most successful intraocular
procedures [3]. However, due to the physiological limitations
of a human surgeon and deficiencies in sensing capabilities,
surgical complications remain, including posterior capsule
rupture (1.8—4.4%), incomplete lens removal (1.1%), and
corneal incision leakage (1.2%) [4]. To improve surgical
outcomes, it is necessary to improve the visualization of
anatomical features inside the eye and to use that information
to safely and efficiently guide a surgical instrument.

To visualize intraocular tissues, non-invasive imaging tech-
nologies such as magnetic resonance imaging, ultrasound
biometry, and optical coherence tomography (OCT) have
been developed and used in preoperative and postopera-
tive diagnoses. Magnetic resonance imaging provides high-
contrast and high-resolution images [5] but is unsuitable
for intraoperative surgical procedures due to physical space
constraints, high field strengths, and low frame rates. High-
frequency ultrasound biometry provides real-time, high-

resolution images [6] but requires a contact medium between
the probe and the eye to reduce signal reflection. In contrast,
OCT provides a non-contact, real-time, high-resolution imag-
ing modality that can be integrated into surgical instruments
and microscopes [7], [8]. Most importantly, it has been
shown that intraocular tissues can be visualized in OCT scans
in both anterior [9] and posterior segments [10].

Cataract surgery (refer to Fig. ) involves a suite of
procedural steps including (1) creating a corneal incision,
(2) removing the anterior capsule via capsulorhexis, (3)
fragmenting the cataract into pieces of lens material, (4)
emulsifying and aspirating the lens material using an ul-
trasonic surgical instrument, (5) aspirating the remaining
lens material with an irrigation-aspiration (I/A) tool, and (6)
inserting an intraocular lens implant. The first three steps
(corneal incision, capsulorhexis, and fragmentation) have
been partially or fully automated by OCT-based femtosec-
ond laser systems [11]-[15]. Automation of the final step
(implant insertion) has also been investigated to improve
precision over that of a human surgeon [16]. However, the
cataract-extraction procedure remains a manually performed
operation, despite being the main source of the aforemen-
tioned surgical complications.

Even if provided with the “best” visual feedback, a sur-
geon cannot perform surgical procedures absolutely accu-
rately unless the physiological limitations of tactile control
are overcome. To address the stringent requirements of
intricate tool manipulation, robot-assisted surgical platforms
have been investigated by several groups. Johns Hopkins
University developed a steady-hand manipulator for mem-
brane peeling [17]. The University of Tokyo demonstrated
the feasibility of a robotic system in performing vitreoretinal
tasks such as posterior vitreous detachment, vessel sheatho-
tomy, and microcannulation [18], [19]. Vanderbilt University
demonstrated robotic capabilities of conducting constrained
ocular manipulation, membrane peeling, and stent deploy-
ment [20]. The University of Utah designed a compact,
remotely operated manipulator for disposable instruments
and performed membrane peeling on an eye phantom [21].
The University of Munich tested the efficacy of a target-
based injection platform on pig eyes aimed at assisting
the treatment of age-related macular degeneration [22]. In
our previous work, the IRISS successfully demonstrated the
feasibility of remotely operated cataract surgery and vein
cannulation via mechanism design and motion filtering [23].

Recognizing the advantages of integrating high-resolution
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Fig. 1: Shown is a schematic of the anterior segment with
relevant features labeled. Both the posterior capsule and the
corneal incision are important features and are repeatably
referred to throughout this paper.

OCT imaging with a high-precision robotic platform, several
groups have demonstrated success in robot-assisted intraoc-
ular surgical intervention using OCT. A team from the
Cleveland Clinic integrated an OCT probe with a surgical
microscope to provide high-resolution visual feedback [24].
More recently, the same group proposed using a stereo-
tracked i-OCT system to automatically deploy scans in real-
time near the surgical instrument tip to ease the effort of
probe re-allocation [25]. Vanderbilt University integrated an
OCT fiber optic cable into the tool and conducted epiretinal
membrane peeling using a master-slave configuration guided
by OCT B-scans [26]. The same team also demonstrated a
semi-automated micro-injection via the assistance of three-
dimensional virtual fixtures based on both microscope and
B-mode OCT feedback [27]. Johns Hopkins University
incorporated an A-mode OCT as a distal sensor with a
piezo-motor in the hand-held tool piece to achieve active
depth-locking control [28]. The depth-locking feature was
applied to the OCT-embedded micro-forceps for epiretinal
membranectomy [29].

Despite the advances in both robotic platforms and OCT-
based technologies, several unresolved issues remain, partic-
ularly in the case of cataract extraction. First, the location
where a surgical instrument passes through the cornea (the
“corneal incision”) must be constrained throughout surgery
to decrease undesirable trauma in adjacent corneal tissue.
However, the methods in existing work to align the remote
center of motion (RCM) of the robot to the corneal incision
are contact-based and require well-calibrated kinematics. In
addition, no methods exist to automate the procedure or
to guarantee successful alignment and insertion. Second,
despite the wealth of anatomical information provided by
OCT-based systems, no existing work uses OCT scans to
reconstruct the surgical environment for trajectory planning
of the surgical instrument or for automation of the surgical
procedures. Third, the surgical information acquired from
real-time OCT A or B modes used in previous work [27],
[29] is noisy and insufficient to represent the constantly
changing intraocular environment. In other words, an au-
tomated surgical platform must be capable of adapting, in
real-time, to the dynamic nature of its surgical workspace.

This work addresses these concerns by developing and
implementing an OCT-guided robotic platform. The main
contributions are:

1) An automated procedure that extracts information from

an OCT scan to align the RCM of the robot to the
corneal incision. In contrast to existing methods, this
procedure enables the minimization of physical stress
in corneal tissue during surgical operations.

2) A method that uses OCT scans to generate a three-
dimensional parameterized model of the anatomical eye
structure with safe surgical zones of operation.

3) A method to use the eye model to plan a safe, efficient
tool-tip trajectory through the workspace. This method
has the advantage of preventing tissue damage and pos-
terior capsule rupture by reducing the risk of inadvertent
collision between the instrument and tissues.

4) The development of intraoperative diagnostics and in-
tervention methods to allow the surgeon to override or
modify any portion of the automated cataract-extraction
procedure, including tool-tip trajectory and the prede-
fined workspace. This functionality serves to improve
the flexibility and safety of the automation in the event
of unexpected disturbances.

These contributions were experimentally validated by per-
forming lens extraction on 30 post-mortem pig eyes.

This paper is organized as follows. Section M provides a
system overview and introduces the integrated components
of the OCT-guided robotic platform. Section I describes
the entire cataract-extraction process using the OCT-guided
robotic platform. Section IM presents the evaluation of the
system and the experimental results on post-mortem pig eyes.

II. SYSTEM OVERVIEW

The system architecture of the OCT-guided robotic system
is shown in Fig. D. The IRISS controls both the I/A tool-tip
position and the irrigation and aspiration forces generated
by the Alcon ACCURUS system [30]. The I/A tool-tip
position is programmed based on the anatomical model
reconstructed from OCT volume scans, which are obtained
from the OCT probe positioned over the eye (Fig. B).
The OCT and embedded camera provide real-time visual
feedback to the surgeon. The surgeon can override the IRISS
during automated operation to assess surgical progress and
to account for variations in the surgical environment.
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Fig. 2: Shown is the overall system architecture for the OCT-
guided robotic system. See Supplemental Video 1 for details.
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Fig. 3: Shown is a CAD model of the integrated system
with the coordinate frame and kinematic variables defined.
See Supplemental Video 2 for system integration details.

A. The IRISS

The IRISS consists of two, independently controllable
manipulator arms, each holding two interchangeable surgical
instruments [23]. However, lens extraction (on pig eyes) only
requires a single I/A tool and therefore only one manipulator
arm is used in this study. The I/A tool is mounted to a
carriage that rides on a circular track which is rotated about
a shaft mounted to the base of the IRISS. This spherical
mechanism kinematically guarantees a mechanically fixed
RCM. To allow three-dimensional translation of the RCM
relative to the eye, the arm assembly is mounted to a
motorized linear stage capable of three-dimensional XYZ
translation. Details of the mechanical design of the IRISS
and an evaluation of its performance can be found in [23].

For convenient mathematical representation, the Cartesian
coordinate frame of the IRISS is chosen to be coincident
with the RCM (Fig. B). Tool-tip positions are achieved by
the coordination of two rotational angles (#; and 63) and
one translational displacement (ds3). Kinematically, the tool
rotation about its centerline (f4) has no effect on tool-tip po-
sition. Prior to surgery, mechanical calibration is performed
to ensure the commands #; = 6 = 6, = 0 and d3 = 0
correspond to a configuration in which the tool tip is located
coincident with the RCM and the aspiration port facing
anterior. Given a tool-tip position p = [p; py pz]T inside
the eye, the inverse kinematics are given by

61 = atan2 (—p., py)

6 = atan2 (=p,., \/p2 +12) ()

dz = [|pll,

where atan2 (-, -) is the four-quadrant inverse tangent func-
tion with two arguments and |-||, is the Euclidean norm.

For the duration of the cataract-extraction procedure, the
tool tip remains inside the eye and Eqn. [ defines a unique
map from the tool-tip position to the robotic joint space.
However, when the tool tip is outside the eye, motion control
is realized in joint space and the kinematic singularity at
[000]" (the RCM) is avoided. Doing so has the advantage
of directly coupling the desired insertion angles to joint angle
commands (Section [IT=A)).

B. The OCT System

A commercially available ThorLabs SD-OCT imaging
system (Telesto II 1060LR) is integrated with the IRISS (Fig.
B). The OCT system operates with a broadband superlumi-
nescent diode with a central wavelength of 1060 nm, axial
resolution of 9.18 um, and imaging depth in air of 9.4 mm.
The objective lens (LSMO04BB) exhibits a focal length of 54
mm, a lateral resolution of 25 um, and a 10x10 mm field
of view. The OCT probe has been vertically actuated with a
translational stage for changing its depth of view.

The integrated OCT system is capable of performing three-
dimensional volume scans, real-time A-scans and B-scans,
and custom scanning patterns programmed through the pro-
vided software development kit. Volume scans are used for
automated alignment (Section [T=Al), modeling of anatomical
structure (Section MI=Hl), and intermittent assessment (Sec-
tion MI=). Real-time B-scans and custom scanning patterns
are used for real-time intraoperative intervention (Section
[OI-0J). Although it is common for anterior-segment OCT to
use a laser with central wavelength of 1310 nm to penetrate
tissue to a greater depth [9], this system uses an illumination
source with central wavelength of 1060 nm as a balance
between signal attenuation and imaging depth. To image the
anterior segment of pig eyes (which have a thicker lens than
that of humans [31]), tissue penetration is sacrificed in favor
of signal transmittance by shortening the wavelength of the
illumination source.

C. System Integration

The hardware integration architecture is shown in Fig. B.
The IRISS is controlled by a National Instruments PXI real-
time target at a sampling rate of 1 kHz. Brushed DC motors
on the IRISS joints are driven by current-type amplifiers.
The control loops are closed by rotary optical encoders
integrated into the motors. Aspiration and irrigation functions
are realized by integrating the ACCURUS with the IRISS.
The ACCURUS provides integrated functions for intraocular
surgery. In cataract surgery, it enables fluid aspiration and
irrigation through the I/A tool. The vacuum force applied
to aspiration was originally controlled with a foot pedal
connected to the ACCURUS machine. In this study, the I/A
commands are sent from the NI PXI to the ACCURUS by
emulating the foot pedal’s analog communication protocol.

The joint motions to the IRISS and the /A commands
to the ACCURUS either follow a trajectory provided by the
trajectory planner (Section IMI=C]) or are directly controlled
by user command. The host PC acquires OCT scans and
camera images from the OCT system, which is driven by a
base unit that positions its A-scans. The host PC runs with a
graphical user interface programmed in LabVIEW. Through
this interface, the user can supervise real-time scanning
of the workspace, and—if necessary—override the tool-tip
trajectory or the I/A commands (Section [I=10).

To enable control of the IRISS using OCT feedback, the
registration between the OCT reference frame and the IRISS
frame was required. To derive this relationship, the IRISS
was autonomously commanded to touch a series of points
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Fig. 4: Shown is a diagram of the hardware architecture.
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Fig. 5: Shown is the software state chart for the OCT-guided
surgical robotic system.

that formed a unique, non-symmetric pattern representational
of the intraocular workspace. At each point, the tool-tip
position was determined in the OCT frame from medium-
sensitivity (48 kHz) volume scans by applying a custom,
image-processing algorithm as follows. In each B-scan slice
of the medium-sensitivity volume scan, the 2D matrix of raw
data is converted to a binary image by an intensity scaling
that allows for application of a constant binary threshold.
After noise removal, the remaining points in the binary slice
are converted to Cartesian coordinates in the OCT frame
and added to a 3D point cloud. A cylinder is fit to this point
cloud, which represents the physical tool and its centerline.
To find the tool tip, the transition between a B-scan slice with
a visible tool and one without a visible tool is considered to
be the location of the tool tip. The intersection of the found
tool centerline with this slice is the tool tip location.

At each point the IRISS was commanded to touch, two
representations existed: the tool-tip position in the IRISS
frame from the ideal forward kinematics and the tool-tip
position in the OCT frame from the volume scan. Procrustes
superimposition was performed to find the linear transfor-
mations (translation, rotation, and uniform scaling) between
the frames [32]. With the linear transformations and their
inverses known, any point in the OCT reference frame can
be converted to a point in the IRISS reference frame—and
vice versa. This initial registration is dynamically updated
in real-time when the IRISS or the OCT probe are moved,
thereby maintaining the validity of the registration despite
the relative motion between the hardware components.

D. Software Design

The software state chart is shown in Fig. B. In the mecha-
nism homing state, each joint is incrementally actuated until
its homed position is found via a photo-interrupter sensor.
In the initialization state, the I/A tool is commanded to a
safe, predefined initial position and the RCM of the IRISS
is automatically aligned to the corneal incision in the eye
(Section MI=Al). Then, the I/A tool is inserted into the eye, a
surgical trajectory is loaded into the software, and the tool
begins tracking the predefined cataract-extraction trajectory
(Section MI=0)). During the tracking, the user may pause
the motion or reroute the tool tip to a specific point. The
tracking process is considered complete when either the end
of the trajectory has been reached or a finishing command
has been sent from the user. At this point, the tool returns to
the engaged state to await tool retraction or additional track
commands.

For safety reasons, emergency retraction and shutdown
are included in the state chart. For example, in the event
of homing sensor malfunction, the program will terminate
to prevent hardware damage. On the other hand, emergency
tool retraction is employed in the states where the tool tip is
within the eye. To prevent surgical damage that would occur
during emergency shutdown if the tool remained inside the
eye, the system is powered off only when the tool is fully
retracted and any existing operations have been terminated.

III. AUTONOMOUS CATARACT EXTRACTION

The core contribution of this work is the proposed method-
ology for autonomous cataract extraction. This methodology
can be divided into four distinct steps: automated alignment
and tool insertion (Section MI=Al), segmentation and mod-
eling of anatomical structures (Section II=B), preoperative
trajectory planning (Section IM=CJ), and cataract extraction
with intraoperative intervention (Section I=DJ).

A. Automated Alignment and Tool Insertion

The first step of autonomous cataract extraction involves
aligning the OCT probe and the IRISS to the eye such that
(1) the OCT probe is optimally positioned to intraoperatively
image the eye, (2) the tool tip remains within the OCT
scanning volume for the duration of the cataract-extraction
procedure, and (3) the mechanical RCM of the robot is
coincident with an approximation of the corneal incision,
a point p¢,;. Proper alignment and subsequent tool insertion
rely on characterizing the corneal incision from an OCT
volume scan.

Using visual servoing with the embedded camera as
feedback, the OCT stage is translated until the optical
center of the pupil is coincident with the optical center of
the camera. This position is optimal for imaging the lens
during cataract extraction, but for any typical pig eye, the
corneal incision is outside the OCT scanning range when
the stage is in this position.. Therefore, displacement data
from previous experiments are used to translate the OCT
probe over the expected location of the corneal incision and
to an appropriate scanning depth. Any resulting positional



error is inconsequential because a typical corneal incision
(approximate corneal epithelium arc length 2-3 mm) easily
fits within the OCT scan boundary (dimensions 10x 10 mm).

An automated algorithm is run on an acquired high-
sensitivity (5.5 kHz) volume scan of the corneal incision.
In each B-scan slice, the cornea incision appears as a
high-intensity line segmenting the cornea. This line can be
detected through a Hough transform and its two intersection
points with the epithelium and endothelium are recorded
to form a 3D point cloud. These points are shown as
the dark points in Fig. . The average point of each set
(epithelium and endothelium) determines the endpoints of
a line that passes through the corneal incision (shown as
the solid line in Fig. @). From this line, and the epithelium
and endothelium set of points, three sets of information
are obtained: (1) The corneal incision characterized by its
depth, its angle with respect to the optical equator, and the
epithelium and endothelium arc lengths. These metrics are
useful for assessing the surgical “quality” of the incision
and for postoperative evaluation. (2) A point p¢.; defined to
best approximate the location of the corneal incision in the
IRISS frame (Fig. B). (3) A pair of tool-insertion angles, 67
and 63, allows the tool to pass through the corneal incision
determined by the incision angle with respect to the optical
equator.

Together, pf;, 07, and 65 define an optimal insertion
trajectory (red line in Fig. B) for inserting the tool in a
single, fully automated step with minimal resulting stress
to the cornea. The output of this algorithm is shown in Fig.
.

With p¢; known, aligning the mechanical RCM to the
corneal incision is trivial. The tool is commanded to a safe,
retracted position (1 = 6> = 6, = 0 and d3 = —30 mm)
and the XYZ stage is commanded such that the mechanical
RCM is coincident with p¢,;. This aligns the IRISS to the
eye.

For automated tool insertion, the IRISS is commanded to
the calculated insertion angles (/1 = 67 and 03 = 65) and
the tool is moved such that its tip is just outside the corneal
incision (dz = —0.5 mm). At this point, all motion is auto-
matically paused and the tool-tip position and tool pose can
be assessed by the surgeon. If unacceptable, manual input can
override the joint angles and RCM position. If acceptable,
automated insertion is initiated. During insertion, the tool-
tip velocity and irrigation are functions of the surrounding
tissue: once the corneal epithelium is crossed, the velocity
is decreased and irrigation is initiated. The slower velocity
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Fig. 6: Shown is a schematic of the insertion angles and
approximate corneal incision point. The red line indicates
the calculated insertion trajectory.
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Fig. 7: Shown is an output plot of the algorithm to detect the
corneal incision. Raw OCT data is represented as the point
cloud, the darker points represent detected incision points on
the epithelium and endothelium, and the calculated insertion
trajectory through the corneal incision is shown as the solid
line. Calculated metrics (in the IRISS frame) were 6] =
60.54°, 05 = 5.89°, and p},; = [1.78 0.64 — 0.02}T.

prevents corneal leakage and the active irrigation maintains
intraocular pressure and prevents corneal collapse. Insertion
is considered complete at d3 = 2 mm.

B. Segmentation and Modeling of Anatomical Structure

To account for anatomical variation between eyes, a pair
of preoperative OCT volume scans are acquired of the
anterior segment. Because the depth of the posterior capsule
(approximately 10-15 mm from the top of the cornea) is
greater than the sensing range of the OCT (9.4 mm), the
OCT probe is physically translated via its translational stage
to cover the entire range of interest. Two scans are sufficient:
a representative B-scan of the upper portion is shown in
Fig. B4 and includes the iris and cornea; a representative
B-scan of the lower portion is shown in Fig. BB and includes
the posterior capsule and the inverted iris. The iris appears
inverted in the lower scan due to the limited sensing depth of
the OCT system. To avoid overlapping the posterior capsule
with the inverted iris, the lower scan is taken when the
posterior capsule appears (by visual inspection) within the
top 3 mm of the OCT frame and the inverted iris is located
in the bottom 5 mm (Fig. ER).

After acquisition, the two scans are stitched together with
the known displacement of the OCT probe to create a single,
composite scan of the entire anterior segment. The volume
scan data are converted to a point cloud by automated
binary thresholding (a consistent grey-level threshold value is
applied after normalization of the intensity of every each B-
scan slice). The point cloud represents tissue whose reflection
is stronger than that of water or balanced salt solution and
is therefore a down-sampled representation of anatomical
features of interest. For tool-tip navigation within the eye,
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(a) Shown is an OCT scan of the upper anterior segment
including (1) the cornea, (2) lens material, and (3) the iris.
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(b) Shown is an OCT scan of the lower anterior segment
including (4) the lens and posterior capsule and (5) the inverted
iris.

(c) Shown is the reconstructed eye model. (1) Magenta:
reconstructed cornea, (3) green: reconstructed pupil, (4) cyan:
reconstructed posterior capsule, blue points: raw OCT data.

Fig. 8: OCT-based modeling of eye anatomy.

it is critical to determine the positions of the cornea, iris,
and posterior capsule from this point cloud data.

Although various approaches exist for OCT image seg-
mentation of anterior structures, all require significant com-
putational resources to produce accurate results [33]. If

implemented, the surgical consequence would be a protracted
delay prior to the start of surgical procedures, during which
the cornea will begin to collapse. Therefore, a custom algo-
rithm was developed that considers a priori knowledge of the
eye anatomy to quickly generate (within 1 minute) a param-
eterized anatomical model with acceptable accuracy (<100
um). The pupil was modeled as a 2D ellipse in 3D space. For
segmentation of the cornea, a second-order parabolic surface
was chosen to represent the corneal epithelium and was fit
to the point-cloud data using a least-squares method. This
fit uses the knowledge that the cornea must be located near
the top of the scan volume. Similarly, for segmentation of
the posterior capsule, a second-order parabolic surface was
chosen.

The reconstructed cornea, pupil, and posterior capsule
defines the workspace within the anterior segment (Fig. Bd).
This model is parameterized and is used to preoperatively
plan the cataract-extraction trajectory. Due to the effective
range of the I/A tool aspiration, a safety margin around all
three anatomical features was enforced in the model. This
guaranteed that any composite error from the segmentation
and modeling was alleviated for errors less than this margin.

It is important to note that the medium through which the
OCT laser signal propagates is variable. Specifically, when
the laser signal passes from air into the corneal epithelium,
the refractive index changes from 1 to approximately 1.35
(that of water). For this reason, the depth values acquired
from the OCT system, z,,, are adjusted to update the anatom-
ical model to account for this change:

Z(/) _ {ZO, Zo < Ze (2)

Ze + 1 (20 — Ze), Zo > Ze

where z/ is the adjusted depth value, z,. is the depth of the
corneal epithelium along an A-scan line, and n is the ratio
of the refractive index of air over that of water (n ~ 0.74).

C. Preoperative Trajectory Planning

In this step, a tool-tip trajectory for cataract extraction is
generated based on the eye model obtained in the previous
step, allowing the IRISS to guide the I/A tool with respect to
anatomical structures within the eye. The generated tool-tip
trajectory exhibits the following characteristics:

(i) The geometry of the trajectory is chosen to mobilize
the lens material and to increase surgical efficacy and
efficiency.

(i) The tool-tip motion deepens and decelerates after each
repetition of a baseline trajectory to avoid posterior
capsule rupture.

(iii) The aspiration and 6, are scheduled as functions of
the tool-tip position to increase surgical efficacy and
provide protection against posterior capsule rupture.

(1) Trajectory Pattern Design: Based on surgeon input and
clinical feedback, a flower-shaped pattern with a scooping
motion was developed (Fig. 8 and [). The geometric shape
in the plane of the pupil is intended to disaggregate conglom-
erated lens material, while the scooping motion is intended
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Fig. 9: Shown is the preoperatively planned cataract-
extraction trajectory in the IRISS frame. Point cloud: raw
OCT data, solid black line: tool-tip trajectory, red surfaces:
safety margins, green surfaces: tool-tip workspace, red X:

the RCM.
-6

2k

X [mm]
o

y [mm]

Fig. 10: Shown is the top view of Fig. B. Point cloud: raw
OCT data, solid black line: tool-tip trajectory, red X: the
RCM, red box: OCT scanning volume.

to detach lens material from the posterior capsule. Given a
desired tool-tip trajectory, p(t) = [p(t) py(t) p-(t)]", then

Do (t) = ¢z + qcos(0(t))
py(t) = ¢y + gsin((t)) 3)
p2(t) = ¢, —wasin(nd(t))

where ¢ = [¢; ¢y cZ}T is the coordinate of the iris center, a is
a position-dependent amplitude bounded by the distances to
the anterior and posterior capsular surfaces, n is the number
of “flower petals” in the geometric pattern, and ¢ is the
two-dimensional motion of the tool tip in polar coordinates
defined as:

o(t
q(t) = (sR — wr) sin® <n2()> + wr 4)
where s is the radial scaling of the flower pattern, R is the
pupil radius, r is the inner radius of the flower pattern, w is a
window function between [0, 1] such that the trajectory will
start and end at ¢, and 0(¢) is the angle between the z-axis
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Fig. 11: Shown is an example of an aspiration force profile
scheduled along the tool-tip trajectory with z;;, = 5.5 mm,
Zyp = 6.5 mm, f, 1, =400 mmHg, and f, ., = 600 mmHg.

and a line from ¢ to the tool tip in the range [0, 27]. The
value of 6(t) was chosen with equidistant sampling in polar
coordinates with an approximately averaged tool-tip velocity
of 0.6 mm/s and cycle time of 90 s.

Based on clinical experience, it is necessary to move
the tool slower and deeper after each cycle to detach and
aspirate lens material. Therefore, the tool moves fastest for
the first cycle (approximately averaged tool-tip velocity: 0.6
mm/s) and at a conservative, shallow depth (within the top
30% of the capsular bag thickness). Each subsequent cycle
progresses the tool tip deeper (+10% lens thickness per
cycle) and slower (—25% tool-tip velocity).

(2) Instrument Rotation: The aspiration port of the I/A
tool is located on the side of the instrument near its tip.
Posterior capsule rupture may occur when the port aspirates
the capsular surface in close proximity. For this reason, 6, is
scheduled with the aspiration port always facing away from
the posterior capsule. Also, when the tool tip is near the
equator of the capsular bag, the normal vector of the port is
directed towards a virtual axis above the iris center ¢,

{(x,y,z)€R3:x=cm andz:cz—i—Aza} (5)

where Az, > 0 indicates the offset between the iris cen-
ter and the virtual axis. The position-dependent instrument
rotation can be described as:

04 (t) = atan2 (px —Cgy Pz — Cz — Aza) (6)

(3) Aspiration Force Scheduling: Even if the aspiration
direction is accounted for, posterior capsule rupture may still
occur if the aspiration magnitude is ignored. Therefore, the
aspiration is also scheduled based on Az,(t), the distance
between the tool tip and the posterior capsule (Fig. [LT). This
is achieved by the following position-dependent aspiration
scheduling:

Azp(t) — Zlb
Zub — Zlb

fa(t) = faup + (faub — fain) sat[ ] (7
where f,(t) is the aspiration force as a function of tool-tip
position; (-); and (-),; are shorthand notations for the lower
and upper bounds of a parameter; sat(-) is the saturation
function with both domain and co-domain [0, 1]; and z;;, and
zyp are user-defined bounds on the magnitude of Az, (?).



This saturation is necessary to provide sufficient force for
aspiration without becoming too aggressive and deforming
the intraocular tissue.

Once the cataract-extraction trajectory is generated, a top
view of the calculated tool-tip trajectory is projected on
an anterior view of the eye in the graphical user interface.
Likewise, the side view of the calculated tool-tip trajectory
is projected on a superior view of the eye. If any adjustment
is requested by the surgeon, offsets and range resizing can
be manually performed.

D. User Interface for Intraoperative Intervention

Automated cataract extraction is conducted by tracking the
predefined trajectory and scheduling the aspiration. However,
while the preoperative scan is useful in constructing an
initial anatomical model and tool trajectory, the intraoper-
ative anterior segment is a dynamic environment subject to
change during surgical operations. To account for the variable
surgical environment, intraoperative supervision and manual
intervention strategies are provided to the surgeon during the
autonomous cataract-extraction procedure.

1) Real-Time OCT Assessment: During automated track-
ing, either OCT B-scans (Fig. [2) or localized B-scans that
intersect and track the tool tip (Fig. [3) are displayed to
the user in real-time for monitoring surgical progress. Both

Depth (Z) [mm]

Widt;o[mm] *
Fig. 12: Shown is an example of the real-time OCT image
feedback. Visible features are (1) the posterior capsule, (2)
lens material, (3) the iris, and (4) the tool tip. Note: all images
are inverted.
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Fig. 13: The user interface for intraoperative intervention.

custom, real-time OCT scans can be acquired to provide
timely information regarding the I/A tool and anatomical
features.

Acknowledging the difficulty inherent to real-time image
processing of OCT images, the user interface was designed
to improve visualization and enable direct targeting of lens
material (Fig. [3). The OCT probe can be translated to track
the posterior capsule, lens material, or other features of in-
terest. The frame rate of a B-scan (the time interval between
each update without saving the data) is approximately 8 Hz
and is limited by the motion bandwidth of the mechanical
galvo mirror. The frame rate of a localized scan volume is
approximately 1.5 Hz.

2) Intervention Strategy: Based on the real-time OCT
feedback, several options are provided to the user.

(i) The user can offset and resize the workspace of the
predefined trajectory. The trajectory p(t) is modified
according to the adjusted workspace:

p'(t)=RS[p(t)—c]+T+c (8)

where R and S are the rotation and scaling matrices
representing the workspace deformation, T is the trans-
lation vector representing the workspace translation,
and the iris center c is the resizing center. This function
is critical in the event of eye deformation or corneal
collapse because such events change the form of the
anatomical structures from those at the beginning of
the surgery.

(i) The user can modify the tool-tip velocity or pause the
motion while maintaining the aspiration.

(iii) The user can override the rotation angle of the surgical
instrument. This function is used to create intraocular
turbulence which is useful to detach large pieces of lens
material from the posterior capsule.

(iv) The user can command the tool tip to any point inside
the workspace by clicking on the displayed images. The
camera view determines the (z,y) coordinates of the
target while the z coordinate is assigned from localized
OCT B-scans. This function can be used to target
and remove floating lens material and air bubbles (see
Supplemental Video 3). If a user requests a point out-
side the tool workspace or beyond the safety margins,
a bisection algorithm determines the boundary point
closest to the target (Algorithm 1) without formulating
and solving a convex optimization problem. The tool
tip will move towards the commanded point and then
stop when its distance to the boundary is less than the
threshold e.

(v) The user can request emergency termination of the
surgery. Once asked, the instrument will cease aspi-
ration and begin to retract from the eye within 200 ms.

3) Intermittent Volume Scan Assessment: To assess sur-
gical progress, evaluation is performed every two minutes
by returning the tool to the standby position, pausing its
motion, and acquiring an OCT volume scan (as demonstrated
in Fig. [A). At this point, the surgeon can study the volume
scan and inspect the eye. Based on this evaluation, one of



Algorithm 1 Algorithm for Rerouting Assigned Point
Inputs: Current position py, assigned position p,.,
Output: Feasible assigned point p*
Step 1: if p,,., is inside workspace, return p* = p,,.,
Step 2: Ap =p,,., — P
(awp, aup) = (0,1) and p* = p,
do
pprev =D
o= (aw — o)
p* =py+aAp
if p* is out of bounds, o, = «
else o, = o

*

end if
while (|p* — ppre,,H2 > ¢€) or (p* is out of bounds)
return p*

three options can be chosen: (1) continuation of the cataract-
extraction trajectory, (2) selection of specific points to target,
or (3) termination of the surgery. Option (1) is useful if
significant amounts of lens material remain in the anterior
segment. Option (2) is useful for extracting small pieces of
lens material. Option (3) is applied when no lens material
appears in the OCT volume scans and the lens extraction is
considered complete.

IV. EVALUATION AND ANIMAL MODEL TESTS

A. Engineering Evaluations

(1) Accuracy of OCT-IRISS Coordinate Frame Relation-
ship: To test the accuracy of the OCT-IRISS coordinate
frame relationship, the I/A tool was commanded to touch
a series of n = 30 randomly generated points within its
workspace. At each point, a volume scan was acquired,
the tool-tip position was determined, and the ideal tool-
tip position was calculated from forward kinematics. The
coordinate frame transformation was used to transform the
tool-tip positions determined by the OCT scan into the IRISS
frame. Ideally, these points would perfectly overlap the points
obtained from the forward kinematics with zero error; in
reality, some error exists. This error was calculated as the
3D Euclidean distance between each pair of points. The
statistical measures of the errors for a typical derivation of
the coordinate transformation are shown in Table .

TABLE I: Error of Typical Coordinate Transformation

Min.
0.047

RMS Max. Std.
0.19 0.21 0.34  0.077

* All values in units of mm

Mean

(2) Accuracy of OCT-based Anatomical Model: To evalu-
ate the accuracy of the anatomical model, it was compared to
human-labeled ground truths on n = 10 randomly sampled
OCT images from nine different eyes. The accuracy of pos-
terior capsule detection, with the worst image quality among
all tissue, was 79.6 £ 23.3 um (the 95% confidence interval
around the average). This modeling error was considered
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Fig. 14: Shown is the error in tip position along the trajectory
where e; is the tool-tip positional error.

negligible in comparison to the safety margins established
near intraocular tissue, which are on the order of 1.5 mm.

(3) Accuracy of Cataract-Extraction Trajectory Tracking:
The tracking performance of the IRISS along the predefined
cataract-extraction trajectory was also evaluated by the posi-
tioning error e (t):

lee(@)lly = [1Paes () = Pace (t)]l2 ©)

where p,,.(t) is the desired trajectory and p,.(t) is the
actual tool-tip position measured from the optical encoder
on each joint. In a typical trajectory tracking (Fig. [4), the
maximum positioning error e;(t) is 71 um, which is deemed
negligible compared to the magnitude of the implemented
safety margins (1.5 mm).

B. Animal Model Evaluations

The integrated system was tested in a clinical environment
(Fig. [§). The animal model evaluation was performed on
post-mortem pig eyes pinned in a Styrofoam holder. The ob-
jective was to autonomously remove the entire lens without
posterior capsule rupture. The I/A hand-piece tool (92-1A21
Handle, Millennium Surgical) was mounted on the IRISS and
fitted with a straight tip with side aspiration port (92-1A225).
The tubing of the I/A tool was connected to the ACCURUS
to provide irrigation and aspiration, the magnitude of which
was controlled by the IRISS (Section II=0J).

The automated OCT-guided lens extraction was performed
and tested on n = 30 post-mortem pig eyes. For every
eye, preoperative, intraoperative, and postoperative OCT
volume scans were acquired for analysis. Microscope-based



Fig. 15: Shown is the experimental setup for performing
the animal model evaluation on post-mortem pig eyes. (1)
User interface, (2) the IRISS, (3) OCT probe with integrated
camera, (4) pig eye in fixture, (5) I/A tool in holder, and (6)
the ACCURUS system.

examination was performed by a trained surgeon to assess
the integrity of the tissues and to determine if lens material
remained. The evaluation metrics include the volume of lens
removed (0-100%) and whether posterior capsule rupture
occurred (Y/N).

The surgical progress of an example surgery is shown in
Fig. MA. After two minutes of tracking, a majority of lens
remains in the anterior segment (Fig. [&d). The OCT volume
scan indicates a second, deeper extraction cycle is required.
After four minutes of tracking (Fig. [6H), most of the lens
material has been removed and only a small piece of lens
material remains attached to the posterior capsule. At this
state, a third cycle would be less efficient than targeting
the remaining piece; therefore, the I/A tool is commanded
to this position and aspirates the remaining material. A
postoperative OCT volume scan (Fig. [&d) reveals that no
lens material remains in the anterior segment. Based on the
convex shape of the posterior capsule, it is clear that the
capsule remains intact.

In summary, posterior capsule rupture was avoided in all
30 trials. Complete lens extraction (100%) was achieved on
25 of the samples. In all five cases where 100% extraction
was not achieved, minute particles of lens material were
discovered post-surgery hidden behind or attached to the iris
or posterior capsule where the OCT was unable to image.
Therefore, the imperfect success rate was due to limitations
of the sensing technology and we expect that with improved
sensor feedback, such as ultrasound biometry or intraocular
OCT, the completeness of lens extraction can be ensured.

V. CONCLUSION

To reduce common complications in cataract surgery such
as posterior capsule rupture, incomplete lens removal, and
corneal incision leakage, an OCT-guided robotic system was
developed for automated cataract extraction. Using OCT scan
data, both preoperative planning and intraoperative interven-
tion for the robotic system—the IRISS—was demonstrated.
Automated alignment of the mechanical RCM to the corneal
incision and an insertion trajectory were generated using
image-based techniques. The eye anatomy was segmented
through parametric modeling, within which a flower-shaped
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¢ | capsule
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(a) After two minutes of operation, an intermittent
volume scan reveals an intact posterior capsule and a
majority of lens material remaining.

(b) After four minutes of operation, only a small piece
of lens material remains.
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(c) This postoperative volume scan shows an intact
posterior capsule and complete removal of lens removal.

Fig. 16: Shown are three examples of OCT volume scans for
intraoperative and postoperative evaulation.

trajectory was generated to aspirate lens material while
preserving a safety margin with anatomical bounds.

To account for the changing surgical environment, various
strategies for monitoring and intervening in the autonomous
cataract extraction were adopted. For example, the surgeon
can override the robot motion and assign a specific target for
the tool tip. The proposed strategy for intraoperative targeting
was validated by aspirating an air bubble from the anterior
chamber. In addition, the surgical progress can be monitored



by intermittent OCT volume scans.

A series of engineering measures demonstrated that the
OCT-guided system has sufficient capability to perform
automated cataract extraction: the coordinate transformation
between OCT and IRISS exhibited 0.19+0.03 mm accuracy,
the parametric anatomical model exhibited 79.6£23.3 pm ac-
curacy, and tool-tip positional tracking exhibited a maximum
error of 71 um. The automated cataract-extraction procedure
was tested on 30 post-mortem pig eyes. Only in five cases
did the system leave small particles of lens material due to
the inability of the OCT to sense them. In addition, there
was no posterior capsule rupture among all 30 eyes tested.

The preclinical evaluation on post-mortem pig eyes is
the first step to validate the effectiveness of the proposed
robotic system for semi-automated lens extraction. Before
further evaluations are performed on a live animal model
or on a cadaveric/live human eye, several limitations of
the current system must be properly addressed. First, the
safety of the system requires rigorous testing and validation.
Because intraoperative OCT images provide improved visu-
alization of the posterior capsule, the proposed image-guided
intervention is expected to be safer than manual operation
under a microscope. Second, an eye tracking algorithm is
required to detect the eye motion in actual practice. The
XYZ stage can be commanded to maintain the alignment
between the RCM and the surgical incision. To limit the
eyeball movement, we also propose a suction-based fixation
device. Third, the learning curve of the proposed intervention
requires further analysis. The average surgical duration of
the preclinical evaluation was 277 s. Although this is faster
than the robot-assisted teleoperation we performed (331-487
s [34]), we believe there is room for improvement.

Furthermore, an OCT-based tissue-detection algorithm is
desirable to facilitate the automation of intraoperative in-
tervention. The information should be used to update the
workspace and adjust the navigation strategy to prevent tissue
damage and improve surgical efficacy. Also, an alternative
strategy to image behind the iris could improve the success
rate of lens material removal.
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