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Automated Retinal Vein Cannulation on Silicone
Phantoms using Optical Coherence

Tomography–Guided Robotic Manipulations
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Abstract—Retinal vein occlusion is one of the most common
causes of vision loss, occurring when a blood clot or other
obstruction occludes a retinal vein. A potential remedy for retinal
vein occlusion is retinal vein cannulation, a surgical procedure
that involves infusing the occluded vein with a fibrinolytic drug
to restore blood flow through the vascular lumen. This work
presents an image-guided robotic system capable of performing
automated cannulation on silicone retinal vein phantoms. The
system is integrated with an optical coherence tomography probe
and camera to provide visual feedback to guide the robotic
system. Through automation, the developed system targets a
vein phantom to within 20 µm and automatically cannulates
and infuses the vascular lumen with dyed water. The system was
evaluated through 30 experimental trials and shown to be capable
of performing automated cannulation of retinal vein phantoms
with no reported cases of failure.

I. BACKGROUND AND MOTIVATION

A common impairment within the human eye is retinal
vein occlusion (RVO), which occurs when a clot or other
obstruction occludes a retinal vein. RVO can occur in the
central or branch retinal veins, with the reported prevalence of
branch RVO between 0.5 and 1%, 3–6 times more prevalent
than central RVO [1]. Both types of RVO can cause vision
complications and loss through macular edema, glaucoma,
and vitreous hemorrhage and globally affect an estimated 16.4
million adults [2]. However, current treatment options address
only the symptoms and consequences of RVO and not the un-
derlying blockage. One theoretical cure for RVO is retinal vein
cannulation (RVC). In this technique, a micropipette is used
to infuse a fibrinolytic drug into the affected vein to restore
the blood flow within the vascular lumen by dissolving the
obstruction. The micropipette must be accurately cannulated
into the retinal vein and then held stationary for a prolonged
duration of time (upwards of 10 minutes) [3].

However, RVC remains only a theoretical practice due
to two main physiological limitations of a human surgeon.
First, the largest retinal veins near the lamina cribrosa are
approximately 120–200 µm in diameter [4], [5] while innate
human hand tremor transferred to an instrument tip has been
reported on the order of 100 µm [6], [7]. This instability
can make the accurate targeting of a retinal vein challenging.
Likewise, the requirement to hold the micropipette stationary
inside the vein for a prolonged duration may be infeasible
for a human surgeon. Second, human beings have a limited
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ability to visually ascertain depth [8], [9]. In other vitreoretinal
procedures, it is common practice for surgeons to rely on
indirect visual cues such as cast shadows or color change, but
these indicators are insufficient as exact measurements and are
prone to misinterpretation.

However, the motion stability and accurate positioning re-
quirements of RVC are not prohibitive to a robotic system. For
example, a group from Johns Hopkins University developed a
handheld micro-manipulator, the “Micron,” to attenuate tremor
and actively compensate for unintended movements of the
operator for the purpose of performing RVC [10]. In addition,
both the Preceyes Surgical System and the intraocular robotic
system from the Catholic University of Leuvenhave been used
in teleoperation or collaborative mode to demonstrate RVC in
in vivo pig eyes [11]–[13]. The Leuven group also reported on
the clinical evaluation of their system in an in-human, robot-
assisted RVC [14]. While these groups demonstrated success
in overcoming the accuracy and stability requirements of
RVC, both relied on a standard surgical microscope for visual
feedback to the surgeon who either controlled the micropipette
directly or through teleoperation. As such, the procedures can
be hindered by the limitations of the human operator, namely
the difficulty in guaranteeing accurate micropipette placement
within the vascular lumen.

Several groups have also investigated the use of autonomous
robotic systems to perform microvascular cannulation
techniques in mouse tail veins. For example, [15] reported
autonomous robotic cannulation in rat tails (Ø750±210 µm
diameters) with 27 Ga (Ø360 µm) needles, with a successful
cannulation rate of 87.1% using camera feedback and their
robotic device. Similarly, [16] reported on autonomous
robotic cannulation in mouse tails (Ø300 µm) using vision
and pressure feedback and claimed 50–80 µm of lateral
positioning accuracy and successful cannulation in 10 out of
12 trials (83.3%). While the success of these systems proved
the ability to use automated robotic technology to assist
in vein cannulation, these applications had less stringent
accuracy requirements than those of RVC. For example, the
smallest reported diameter (Ø300 µm) was 150% the size of
the largest expected retinal vein diameter (Ø200 µm).

Contributions of this Work
In comparison to existing work, this work proposes an au-
tomated process and demonstrates vein cannulation on reti-
nal phantoms with diameters smaller than 200 µm. Here,
“automated” is defined as a process which does not require



2

Accurately align the 
micropipette to the target site

Pierce vessel wall and
cannulate vascular lumen

Desired
Cannulation

Site

Occlusion

Infuse vein with fibrinolytic 
drug and maintain position

Surgical Steps of Retinal Vein Cannulation

Fibrinolytic Drug
Scleral
Incision

Micropipette

Guide micropipette into eye to
the desired cannulation site

Locate vein and define
desired cannulation site

Fig. 1. Shown is a schematic that highlights the critical steps of retinal vein cannulation from a surgical perspective.

continuous human motor input to achieve successful comple-
tion. This was achieved through camera and optical coherence
tomography (OCT) feedback that guided a micropipette into a
vein phantom by a robotic manipulator specifically designed
for intraocular interventions [17], [18].

Three noteworthy contributions were:
• Registration of a target point inside the vascular lu-

men phantom and robotic navigation to position the
micropipette within 300–400 µm of the target location
prior to vein penetration

• Three-dimensional visual servoing by OCT feedback to
position and align the micropipette to within 20 µm of
the target location

• Confirmation of micropipette access to the vascular lu-
men phantom by camera and OCT visualization during
the critical cannulation and infusion steps

The system also automatically displays OCT images of the
micropipette inside the vascular lumen during cannulation to
assist the operator in monitoring the procedure.

This paper is organized as follows. Section II explains
the surgical requirements of performing RVC; Section III
discusses the technical system including the robot, the OCT,
and the silicone phantom; Section IV explains the technical
method, including the three main steps of approach, targeting,
and cannulation; Section V describes the experimental setup
used to validate the system and shows the results; Section
VI discusses the main contributions and limitations of this
work and Section VII concludes the paper with future work.
Technical details are provided in the Appendix.

II. RVC REQUIREMENTS

The goal of this work was to enable an existing robotic
system to perform automated cannulation on retinal vein phan-
toms (Fig. 1). Our focus was on overcoming the engineering
hurdles associated with using OCT and camera feedback to
enable this procedure, and our main point was not aimed
at better performance than human surgeons (who possess
different skill sets and capabilities), but on consistent and
deterministic results through automation.

To achieve these goals, the large positional error of the
robotic system (340.6 µm) needed to be overcome to cannulate
vein phantoms down to 120 µm in diameter. In light of this
error, it was recognized that simply commanding the robot
to pierce the vein phantom in a single motion would be
insufficient to guarantee cannulation. However, the robot has
incremental motion resolution of 1.25 µm for advancing the

micropipette and 0.3 and 0.9 mdeg on the two rotational
joints for controlling micropipette orientation. Coupled with
OCT feedback, these motion resolutions could be sufficient for
targeting the vein phantom and performing cannulation. Also,
targeting the vein does not account for vein displacement dur-
ing retina piercing, so a method to confirm a fluid connection
between the micropipette and the vascular lumen would also be
required. These cannulation requirements and the limitations
of the robotic system led to the three-step approach developed
in this work.

III. EXPERIMENTAL SETUP

A. Intraocular Robotic Surgical System

The robotic system used in this work was the Intraocular
Robotic Interventional Surgical System (IRISS). The IRISS
has been used to perform teleoperated RVC, vitrectomy, and
complete lens extractions on ex vivo pig eyes [17], [18]. In
addition, the IRISS was used to demonstrate partially auto-
mated lens removal on ex vivo pig eyes with OCT feedback
[19], [20]. This paper highlights work that performs automated
cannulation on silicone retinal vein phantoms. Automated
cannulation is a more challenging problem than that addressed
in previous work for two reasons: (1) automation cannot rely
on a human operator to sense and make decisions and (2) the
accuracy requirements of RVC (on the order of micrometers)
are more stringent than those of emulsified lens extraction (on
the order of millimeters)

In the configuration used in this work, the IRISS is capable
of controlling three degrees of freedom of a mounted surgical
instrument. The first two joints, θ1 and θ2, are rotational; the
third, d3, is the translational motion of the surgical instrument
(Fig. 2(a)). Detailed description of the IRISS mechanism is
provided in previous work [18], [21]. One improvement of the
IRISS over previously reported versions was the replacement
of the original rack-and-pinion mechanism with a piezoelectric
linear actuator (LL06A0-101, MICROMO) for actuation of the
d3 translation (positional resolution 1.25 µm).

The mechanical design of the IRISS dictates the existence
of a remote center of motion (RCM), or “pivot point,” such
that—regardless of robot motion—the surgical instrument is
constrained to pass through and rotate about the RCM. The
three-dimensional translation of the RCM is actuated by an
XYZ stage, allowing the RCM to be aligned to the scleral
incision in the virtual eye model and to do so independently
from the joint angles. The mathematical definition of the RCM,
pRCM ∈ R3, is provided in detail in previous work [18], [22].
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Fig. 2. (a) Illustration of the OCT-integrated robotic system with coordinate frames and joint angles indicated. In this work, this system was used to demonstrate
automated, image-guided retinal vein cannulation on silicone vein phantoms. (b) System-level diagram showing data and signal flow. The OCT and camera
data are used as visual feedback in the automatic controller (host PC) to control the micropipette.

B. OCT System for Visual Feedback

The OCT system used in this work (Telesto II-1060LR, Thor-
labs) is capable of acquiring two-dimensional cross-sectional
images (B-scans) and three-dimensional volumetric images
(C-scans). The OCT system also has a video camera that is
calibrated with respect to the OCT probe. Despite the high
resolution of the acquired data and the ability to image through
the retinal phantom, the OCT system suffers from two main
deficiencies: significant acquisition time (particularly for C-
scans) and limited sensing depth (Table I).

TABLE I
RELEVANT OCT AND CAMERA METRICS

Resolution Acquisition Field of View
[µm/px] Time [s] [mm]

B-scans 9.18 (axial), 25 (lateral) 0.089 10×9.4
C-scans 9.18 (axial), 25 (lateral) 35.6 10×10×9.4
Camera 21.3 0.050 13.6×10.2

The significant acquisition time for a single C-scan (35.6 s)
meant careful consideration had to be given to when C-scans
were acquired in the procedure, using them only when the
limited field of view of a B-scan would be insufficient. There-
fore, C-scans were used only to obtain the three-dimensional
model of the vein phantom (Section IV-B) and to localize the
micropipette for the purpose of alignment (Appendix C). The
lengthy acquisition time was a deficiency of the available OCT
system and was addressed in the developed algorithm rather
than through improvements to the OCT system itself.

C. System for Vein Infusion

As an alternative to a fibrinolytic drug, green-colored distilled
water was used. The dyed water was deemed a satisfactory
substitute for a commercially available fibrinolytic drug such
as Ocriplasmin, which is 99.875% water and therefore ex-
pected to be similar in material and optical properties [23]. The

delivery system for the dyed water was composed of a glass
micropipette (Fig. 3) and a vitrectomy machine for generating
the infusion pressure (ACCURUS 800CS, Alcon).
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Fig. 3. Photograph of piezo-actuated mechanism with mounted glass mi-
cropipette.

Because RVC is not currently performed in practice, no
standard surgical instrument was commercially available. Both
the Preceyes and the Belgium groups demonstrated the effec-
tiveness of Ø30 µm glass micropipettes in in vivo pig eyes [11],
[14]. However, both groups employed high-magnification,
surgical-microscope visualization as feedback to the operating
surgeon, whereas this work had to rely on a camera with
much lower resolution alongside OCT which suffers from
a low signal-to-noise ratio. Therefore, the chosen surgical
instrument in this work was a glass micropipette with a slightly
larger Ø80 µm tip (B100-58-80, Clunbury Scientific). The
micropipette was epoxied to the inside of a stainless steel tube
(316H17TW, MicroGroup) and connected to the viscous fluid
control (VFC) line of the ACCURUS. The ACCURUS was
reverse-engineered to ascertain the communication protocol
with its foot pedal and this connection used to control its
VFC output via the host computer, which in turn controlled
the infusion pressure in the micropipette.

D. Retinal Vein Phantom

A silicone retinal vein phantom was developed for use as
the eye model. No retinal vein phantom was commercially
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Fig. 4. Illustration of the five-step process to create the retinal vein phantoms.
Aside from an overnight cure time, the process was fast (approximately 10
minutes) and produced sufficiently realistic vein phantoms.

available at the time of writing. Phantoms developed by other
research groups include partially incubated chicken embryos
[24], pieces of human hair painted red [25], and various struc-
tures created with polydimethyl siloxane [26], [27]. However,
all phantoms reported in the literature were deemed unsuitable
due to inaccuracies in physical form (including vein shape and
size) and lack of realism under OCT.

Instead, a silicone retinal vein phantom was developed as
follows (Fig. 4). A stainless steel wire was inserted into
a chambered mold and the mold filled with silicone. After
curing, the wire was removed, leaving a void space (the
vascular lumen). This void space was filled with red-colored
distilled water to mimic blood. The syringe used to fill the
vein was secured in place to provide a positive fluid pressure,
analogous to positive blood pressure.

Three vein diameters were made: Ø120, Ø160, and Ø200
µm, representing the range of vessel diameters found near
the lamina cribrosa [4], [5]. These vessels tend to exhibit
larger radii of curvature, minimal branching, and reduced
tortuosity, which were not considered important design factors.
The physical and optical properties of the developed phantom
were deemed sufficiently realistic for the purpose of evaluating
the system’s sensing and guidance capabilities.

E. Host PC and GUI

The control software for the automated procedure was devel-
oped in National Instruments LabVIEW and run on a PXI
real-time target at a control loop of 100 Hz (Figure 2(b)). A
custom graphical user interface (GUI) was used as a display
for the operator. To perform a trial, the system required two
mouse clicks by the operator: one to initiate a new trial and a
second to indicate a desired cannulation point.

IV. TECHNICAL APPROACH

Based on the requirements discussed in Section II, we segment
vein cannulation and infusion into three steps:

1) Vein Approach: The operator defines a desired cannu-
lation point, pc, and the micropipette is guided into the
virtual eye to a point near the vein, just above the retina

2) Vein Targeting: The micropipette is aligned to the vein
to within 20 µm

3) Vein Cannulation: The micropipette is inserted into the
vein with camera feedback to confirm access and dyed
water is infused into the vein for a fixed duration

These three steps are discussed in detail in this section.

(d)(c)

ROI

Vein
(a)

(b)

OCT-based Detection of Vein

Fig. 5. (a) Example camera image with operator-selected cannulation point,
(b) B-scan cross-section of phantom, (c) region of interest (ROI), and (d)
detected vein center (the output of the image-processing algorithm).

A. Define Desired Cannulation Point

At the beginning of a trial, a camera image of the vein
phantom was displayed to the operator, who selected a desired
cannulation point pC c ∈ R2 (Fig. 5(a)). A bounded stack
of B-scans was selected from an acquired C-scan centered
at pC c. For each of the B-scans (Fig. 5(b)), a region of
interest (ROI) was defined in the vicinity of pC c using the
maximum expected width of the vein (200 µm) and the
detected top and bottom surfaces of the phantom. The ROI
was Gaussian blurred and the center of the minimum-intensity
region detected (yellow “plus” in Fig. 5(d)). This point was
considered the vascular lumen center for this B-scan and this
process was repeated for all B-scans in the stack.

Due to low camera resolution (21.3 µm/px) and human error
in clicking a computer mouse, it could not be assumed that
the operator-selected point corresponds to a point actually
inside the vein. Instead, pC c was used to define a vertical
line (normal to the phantom surface) and the true cannulation
point, pc ∈ R3, was chosen as the closest lumen center point
to this vertical line. Note: the cannulation point, pc, is critical
in all subsequent steps.

B. Step A: Vein Approach

Under the assumption that the radius of curvature of the vein
was large in the vicinity of pc, the detected center points
were smoothed and the resulting curve was considered to
be the vein model in the OCT frame (red line in Fig. 6).
A virtual eye model was constructed around this model by
defining a line from pc to the scleral incision, pSI ∈ R3, at
an angle of 60° from the retina surface (based on common
surgical practice for retinal access) and with a length of
18.5 mm (based on average human anatomy). Throughout the
procedure, the motion of the IRISS was constrained by this
virtual eye model to obey access restrictions and pivot about
the scleral incision.

From the virtual eye model, two trajectories were generated.
The first was a joint-space trajectory for the XYZ stage to
translate such that pRCM would become coincident with pSI
(green line in Fig. 6). This aligns the robotic system to the
virtual eye such that any subsequent motion is constrained
to pass through pSI . The second is a joint-space trajectory
in θ1, θ2, and d3 such that the micropipette tip, pt ∈ R3,
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moves towards a via point, pi ∈ R3, along an ideal insertion
trajectory, t∗t , and concludes with pt located within an “error
sphere” a distance λ from the surface. This trajectory is
represented in Fig. 6 (violet line) and the details of calculating
λ and defining the error sphere are provided in Appendix B.

With the trajectories determined, the system was com-
manded to first track the desired XYZ stage motion, then θ1
and θ2 were actuated to align the micropipette centerline to t∗t ,
and finally d3 was commanded forward such that pt passed
through pSI and stopped when pt was within the error sphere.
At the end of this step, the micropipette tip was guaranteed to
be approximately 1 mm above the retinal phantom surface.

C. Step B: Vein Targeting

The goal of the Vein Targeting step was to accurately align
the centerline of the micropipette such that it “pointed at” pc
(Fig. 12). The micropipette centerline, ĉt ∈ R3, was defined as
the unit vector from pRCM towards pt along the geometrical
centerline of the micropipette. At the beginning of this step,
the micropipette tip was somewhere in the vicinity of pc; at
the end of this step, only forward motion of the micropipette
was required to cannulate the vein (with all other joints held
stationary), thereby reducing vein access to a single-DOF
control problem during the Vein Cannulation step.

To accomplish this, a C-scan of the micropipette was
acquired and processed to locate the centerline (Appendix
C). Three errors were defined (Fig. 8): δθ1 is the angular
displacement of ĉt from pRCM to pc in the X̂Ẑ plane, δθ2
is the angular displacement in the X̂Ŷ plane, and de is the
perpendicular distance from ĉt to pc, calculated as

de = ‖(at − pc)− [(at − pc) · n̂t] n̂t‖ (1)

where at ∈ R3 is any point on ĉt and n̂t is a unit vector in
the direction of ĉt. The goal of the Vein Targeting step was
to minimize de by reducing the magnitude of δθ1 and δθ2. If
de < dt, an error threshold, then the micropipette centerline
was considered to accurately intersect pc and the algorithm
was considered complete. From geometric considerations and
surgical accuracy requirements dt = 20 µm.

The angular errors δθ1 and δθ2 were calculated from the
angle between (1) the line from pRCM to pc and (2) the line
from pRCM to pt. The projection of this angle in the Ŷ Ẑ
plane was δθ1; its projection in the X̂Ŷ plane was δθ2. For
the first iteration, the location of pRCM in the OCT frame was
used; in subsequent iterations, pRCM was calculated using the
current iteration’s detected centerline along with all previously
detected centerlines [18], [22].

With the angular errors calculated, the robot was com-
manded to correct them. If de ≥ dt, then the algorithm
repeated: a new C-scan was acquired, the micropipette cen-
terlines detected, δθ1 and δθ2 determined, and the robot was
commanded to move again. Once de < dt, the algorithm
was considered complete and the micropipette centerline was
assumed to point at pc to within 20 µm.

With the micropipette centerline known, its tip location, pt,
was defined as the intersection of the centerline with a plane
that passes through the tool tip. This plane was defined by
binary classification of all B-scans in the most recent C-scan
based on whether or not they contained micropipette data. The
transition between B-scans with micropipette and those with-
out was defined as a plane passing through pt. The distance
from pt to the phantom surface was defined as dg (known to
within 25 µm) and calculated based on the known location
of the phantom surface previously determined as part of the
vein-modeling step (Section IV-A).

D. Step C: Vein Cannulation

From initial calibration (Appendix A), the forward mo-
tion of the piezoelectric actuator was ensured to align with
the micropipette centerline. Therefore, from ideal geomet-
rical considerations, if the micropipette were to advanced
the distance between pt and pc, pt would be at pc and
infusion could be initiated. In reality, the vein phantom exhibits
nonlinear elasticity and will dynamically deform under the
force of the micropipette, shifting the vein away from the
advancing micropipette. To address the physical compliance
of the phantom and ensure vein access, two techniques were
implemented: an automated motion to superficially split the
phantom surface and an iterative forward-motion algorithm
that checked for cannulation using camera feedback.

For the automated surface-splitting motion, the micropipette
was commanded to touch the surface of the retinal phantom
by moving forward dg , the distance from pt to the surface
(Section IV-C). At this point, the micropipette was quickly
advanced 30 µm and then immediately retracted 25 µm—an
overall advancement of 5 µm. This technique was performed
only once at the surface of the retinal phantom. It is theorized
that the initial puncture creates a small rift in the surface of
the phantom, allowing all subsequent forward motion to pass
through the rift and eventually access the vascular lumen.

Following the automated surface-splitting motion, the mi-
cropipette was progressed in 5 µm increments towards pc.
After each increment, the camera image was processed to
detect color change in the glass micropipette tip (Fig. 9). The
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tip appeared green if outside the vein, but once cannulation1

occurred, the pressure difference between the blood analog
inside the vein and the dyed water inside the micropipette
caused back flow of blood analog into the tip, changing its
color to red. A ROI around the micropipette tip was isolated in
the camera image based on known geometry and the position
of pc. The ROI was Gaussian blurred; masked to remove the
background; converted to hue, saturation, value (HSV) color
space; and averaged in hue to result in a mean value between
0 and 1. A mean value greater than 0.6 (bright intensity) was
considered red (cannulated); a mean value less than or equal
to 0.6 (dark intensity) was considered green (not cannulated).

Once the system detected successful cannulation through the
back flow, the d3 progression was stopped and infusion was
initiated. Infusion pressure (10 mmHg) and duration (10 s)
were both adjustable parameters. Upon completion of infusion,
the system retracted the micropipette from the virtual eye and
the automated RVC procedure was considered complete.

1Due to the size and shape of the micropipette relative to the size of the
lumen, the cannula (barrel) portion of the micropipette was not fully contained
within the lumen and therefore was not strictly “cannulation” in the general
clinical sense. Despite this, the single-wall puncture of the vein is referred
throughout this paper as “cannulation” for linguistic convenience and to be
consistent with the commonly used term “retinal vein cannulation.”

V. EXPERIMENT DESIGN AND RESULTS

A. Experimental Design

An operator was tasked with performing n = 30 trials on
phantoms with three distinct vein diameters: Ø120 µm, Ø160
µm, and Ø200 µm. The retinal vein phantoms were prepared
and placed within the robotic workspace and within the
scanning volume of the OCT. The operator then commanded
the system to begin a trial and selected a desired cannulation
point from the camera image. During all trials, the system
recorded timestamps, joint angles, OCT probe position, XYZ
stage position, camera images, and a variety of OCT data.
For all trials, the infusion pressure was chosen as 10 mmHg
and the infusion duration was set to 10 seconds for practical
considerations. Success of infusion was defined as a red-to-
green color change of the vein phantom.

Three failure cases were defined:
• No Cannulation: No dyed water was infused
• Reflux: Dyed water leaked onto the phantom surface
• Subretinal Bleb Formation: Dyed water was injected

beneath the phantom
In the case of “no cannulation,” the micropipette tip was
embedded inside the phantom but missed the vein and there-
fore the low infusion pressure was insufficient to allow dyed
water to flow. Reflux occurs when the micropipette tip was
too shallow during infusion; subretinal bleb formation occurs
when the micropipette tip was too deep. Illustrations of the
three failure cases were manually produced via teleoperation
of the robotic system (Fig. 10(c–e)). In surgical practice, reflux
and subretinal injection during RVC would be considered
unsatisfactory due to inefficacy: these results represent clear
failures of the intended surgical procedure.

Differences in vein depth (measured from the phantom sur-
face) were the result of the fabrication process and were in-
tentionally perturbed during fabrication to produced a range
of depths (Fig. 13). At the time of infusion, a B-scan of the
micropipette during infusion was acquired (Fig. 15) and man-
ually processed after the experiment to determine the final tip
depth. Differences between vein depth and tip depth represent
a measure of error and were used to assess the system’s ability
to account for depth variation.

B. Experimental Results

Out of n = 30 trials, all 30 were deemed successful: the
system successfully cannulated the vein (Fig. 10(a)) and
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infused the dyed water into the lumen of the vein phantom
(Fig. 10(b)). None of the 30 trials resulted in a failure case.

Total trial time from initial operator click to retraction of
the micropipette was 4:52±0:28 (max: 6:03; min: 3:54). The
time required for vein approach was 0:46±0:06 (max: 1:10;
min: 0:40), for vein targeting was 2:19±0:27 (max: 3:14; min:
1:28), and for vein cannulation was 0:48±0:33 (max: 2:01;
min: 0:13). The average trial time with breakdown is shown in
Fig. 11. For the iterative Vein Targeting step, the majority (21
trials) required two iterations (Fig. 12), the remainder required
only one iteration (5 trials) or three iterations (4 trials). The
final cannulation angles across all trials were recorded as
59.88±0.18° (min.: 59.39°; max.: 60.15°).

Average vein depth was 356.2±168.9 (min: 88.7; max:
807.6) µm and the average difference from the final tool depth
was 39.1±33.4 (min: 1.54; max: 105.6) µm across all trials
(Fig. 13). During the Vein Cannulation step, the micropipette
was incremented forward by 5 µm, the system paused for 200
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Examples of Failure Cases (Illustrative Only)

Example of Success

Blood Analog
Detectable in Tip

Vein Phantom
Infused with Dyed Water

(a) (b)

Successful InfusionSuccessful Cannulation

Fig. 10. (a) Camera view following successful vein cannulation and (b) fol-
lowing successful infusion. For comparison purposes only, three failure cases
were manually produced via teleoperation of the robotic system outside of
the scope of the experimental trials: (c) no infusion due to failed cannulation,
(d) reflux, and (e) subretinal bleb formation.
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Fig. 11. Average time requirements across all trials. The majority of time
was spent acquiring OCT C-scans and translating the OCT probe.
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Fig. 12. (a) Side view and (b) top view of OCT data demonstrating OCT-
based visual servoing of the micropipette during the vein targeting step for
the more common two-iteration case. (c) The calculated error shows a fast
(two iteration) decrease to less than the error threshold (20 µm).

ms, and then the camera image was acquired and processed to
detect a color change (Fig. 7). From videos obtained during the
experiments, it required approximately 2 s in all trials for the
micropipette tip to fill with enough red fluid to be detectable
by the camera, representing a maximum progression of 50 µm
into the vein phantom following successful cannulation.
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VI. DISCUSSION

The main contribution of this work was the automation of a
cannulation procedure that accurately targets a desired point
to within 20 µm. The goal was to enable a robotic system
to perform automated cannulation on retinal vein phantoms
with consistent and deterministic results. It is noted that
the IRISS was designed for a wide range of intraocular
surgical procedures, and while there are similarities between
the developed system and those employed elsewhere (e.g., in
cell laboratories), the OCT-based method developed in this
work specifically enhances the capabilities of the IRISS by
overcoming the accuracy and precision limitations inherent to
its range of versatility.

None of the trials resulted in unsuccessful cannulation, and
it was necessary to intentionally force the system to miss the
vein for the purpose of generating the failure cases shown
in Fig. 10. The comparison of OCT-detected vein center vs.
final micropipette tip depth during infusion (Fig. 13) also
provided confidence that the system was able to consistently
access the vein phantom despite variations in diameter and
depth. Similarly, the claim that the robotic system was able to
accurately target a point to within 20 µm was supported by this
success, as the vein can only be infused when the micropipette
tip had cannulated the vein phantom.

The system was shown to be capable of targeting retinal vein
phantoms down to 120 µm and cannulating the vein phantom
with confirmation of success. Methods were developed to
identify a desired cannulation point to within 25 µm (Section
IV-A), guide a micropipette to within 1 mm of the retinal
phantom surface (Section IV-B), and align a micropipette to
within 20 µm of the desired cannulation point (Section IV-C).

The 2 s required for the micropipette tip to change color
allowed the micropipette to progress upwards of 50 µm into
the vein phantom after cannulation had already been achieved.
The additional “overshoot” was considered beneficial as it
guaranteed the micropipette was inside the vein phantom and
subsequent infusion would be successful. For the smallest
diameter vein phantom (120 µm), the system would have at
least 4 s to detect a color change and stop the progression of
the micropipette—at least twice the 2 s that was required.

The smallest evaluated vein diameter was 120 µm with
a micropipette diameter of 80 µm. In comparison, both the
Preceyes [11] and the Belgium [14] groups demonstrated the
effectiveness of Ø30 µm glass micropipettes in vein diameters
down to 80 µm. The ratio of free space to tip diameter for
other groups was 1.7:1 whereas in this work it was only
0.5:1, representing a more challenging targeting problem. In

addition, these groups used human-controlled feedback guided
by a stereo microscope. In comparison, the system presented
here offers an automated process with visualization of the
micropipette tip as it cannulates the vascular lumen and
performs infusion (Appendix D).

The major limitation of the system was speed. While the
developed method was slow (2:19±0:27) the main bottle-
neck was the OCT data acquisition rate and not the robotic
manipulation. Therefore, with improvements to the sensing
speed—for example, through the live volumetric visualization
system from Duke University (approximately 400 times faster
than the current system) [28]—the system could achieve the
necessary loop rates for real-time application (at least 10 Hz),
reducing the maximum vein targeting time from 140 s to
within 1 s.

Other significant limitations involve the developed phantom
and include its stationary nature, its deficiencies in optical real-
ism beneath OCT, and it not being included in a small, ocular-
like housing. Of these, the lack of vein motion is perhaps the
most unrealistic aspect that must be addressed in future work.
Two types of vein mobility are recognized: (1) ocular motion
due to patient eye movement, breathing, and heartbeat, and
(2) lateral and vertical vein deformation under the force of the
micropipette during attempted cannulation. Other groups have
demonstrated methods to account for ocular motion through,
for example, the eye- or vein-tracking of lateral movements. In
contrast, we developed a method to account for vertical vein
deformation via detection of a visual change in the camera
images. What remains is to account for the lateral mobility of
the vein within the delicate retinal tissue, which requires the
intended extension into more realistic biological models and
would benefit from faster OCT acquisition. Specifically, the
Vein Targeting step can theoretically account for all types of
vein mobility without significant modification to the algorithm,
provided the latency of OCT-image acquisition and processing
can be reduced to enable continuous real-time feedback.

To confirm cannulation, a reliable method to detect con-
nection of the fluid channels between the micropipette and
lumen was required. Even though the OCT data provided
depth information and higher resolution, this information was
considered less reliable because, for example, the micropipette
could be occluded during the puncture of the lumen and remain
undetected by the OCT. Alternatively, it was recognized that
pressure change (e.g., as done in [16]) was a viable alternative.
In this paper, the pressure difference was detectable by the
camera through color change, but other contrasting agents for
the camera or the OCT may be used.

Even though the B-scans acquired from automatic tracking
of the micropipette (Appendix D) were not used to guide
the robot to perform cannulation or infusion, this ability is
expected to be useful in future applications. For example,
it is conceivable that automated segmentation of the OCT
visualization could be employed to detect vein compression,
movement of the surrounding anatomy, and double puncturing
of the vessel. By using this information as feedback to
guide its reactions, the current system could be enhanced to
automatically account for a wider range of target motion.

To prepare the system for surgical trials, the total time must
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be reduced and vein motion must be accounted for. Of the
three steps, Vein Targeting has the most room for improve-
ment, as discussed. In addition, to both compensate for vein
motion and reduce total time, the computer-vision algorithms
can be extended from segmentation and localization to tracking
visual features specific to the in vivo eye. This involves
adopting existing segmentation algorithms to localize vessel
locations within the OCT frame (e.g., [29]) and identifying a
detectable visual change indicative of successful cannulation.
Finally, to develop a safe and robust clinical workflow with
the robotic automation’s precision and accuracy, it may be
beneficial to provide the operator more control than the two
discrete decision points presented in this paper. The operator
should be given control of scaling the speed of the instrument
movement, including pausing at zero speed and increasing to
faster-than-normal speed to increase efficiency.

VII. CONCLUSIONS AND FUTURE WORK

This work presented an intraocular robotic system capable
of performing automated cannulation on silicone retinal vein
phantoms. The developed system reduces the cannulation of
a vein phantom to a pair of waypoints where the workflow is
only advanced upon a discrete logical decision by the operator.
Automated steps included (1) guidance of the micropipette to a
near-vein position, (2) accurate alignment of the micropipette
to the target cannulation point, and (3) vein access by using
OCT and camera feedback. The developed system was evalu-
ated through 30 trials and shown to be capable of cannulating
and infusing the vein phantoms with no cases of failure.

It is expected that the developed technology may some day
facilitate the treatment of retinal vein occlusion by replacing
the surgeon’s limitations in sensing and micropipette control
with finer-resolution sensing and more precise motion. While
there is room for improvement in the design of the vein
phantom, future work will focus on applying the automated
aspects of this work on biological models. To this end,
the following mitigation steps are envisioned to address the
foreseen challenges.

First, an automated procedure for tracking the vein in the
presence of retinal movement must be developed to account
for eye movement during the vein targeting and cannulation
step. Unless an OCT system with a faster C-scan acquisition
time can be found, the system will need to abandon its reliance
on the time-consuming C-scans in favor of an algorithm that
offers the same degree of accuracy using only the much faster
B-scans to localize the micropipette and align itself to the
vessel. Second, the deformation and mobility of the retinal
vessel due to the force of the micropipette must be accounted
for in all directions, suggesting a system which can sense
and account for this motion or a technique that physically
constrains the vessel to facilitate cannulation. Finally, the OCT
feedback during cannulation (Fig. 16) can offer a novel means
of ascertaining micropipette tip location relative to the vascular
lumen, and this possibility remains to be explored.

APPENDIX A
MICROPIPETTE CALIBRATION

The micropipette was mounted to a custom adjustment mech-
anism that included three hex adjusters with 200 µm pitch
(F3ES8, ThorLabs). To guarantee that forward motion of
the piezoelectric actuator would result in sufficiently small
(<5 µm) parasitic lateral error in forward motion of the
micropipette, it was necessary to ensure that the angular
mounting errors of the micropipette were constrained to be
less than 0.15° (from geometric considerations).

To ensure the angular error was within this bound, an
iterative process was developed based on OCT-based char-
acterization of the micropipette centerline. The micropipette
was moved to 15 values of θ1 from −10° to 60° and 17
values of θ2 from −40° to 40°. At each pose, a C-scan
was acquired, the micropipette centerline found [19], and the
angular errors calculated. For adjusting θ1, the physical height
of the micropipette from the circular track was increased
by adding shim stock beneath the adjustment mechanism.
For adjusting θ2, the hex adjusters were turned according
to the known screw pitch. Once complete, the process was
repeated: the micropipette was commanded to move to the
aforementioned poses, C-scans were acquired, and the angular
errors were calculated. Once the angular error in both θ1 and
θ2 were less than 0.15°, the process was considered complete.
This alignment process required approximately two hours to
perform but only needed to be performed once.

The accurate forward motion of the micropipette was ver-
ified using an experimental setup consisting of an inspection
touch probe (resolution 1 µm) mounted with its spherical tip
in physical contact with the side of the micropipette. The
touch probe measurement was recorded, the micropipette was
commanded forward 2 mm, and a second reading was obtained
from the touch probe. The difference in measurements was the
parasitic lateral error associated with forward motion of the
micropipette and was calculated as 2.73±1.33 (min.: 0.067;
max.: 4.96) µm (n = 50).

APPENDIX B
ERROR SPHERE DEFINITION AND CALCULATION OF λ

From purely geometric considerations, a line connecting pSI
to pc would represent the ideal insertion trajectory into the eye
to the vein. However, in the presence of robotic uncertainties,
it would be imprudent to simply command the robotic joints to
follow this line to pc. Instead, a via point, pi ∈ R3 was defined
along the ideal-insertion line a distance λ from pc (Fig. 8). If
λ was defined to be greater than the maximum expected error
of the motion, then the micropipette would be guaranteed to
complete its approach to the vein without colliding with the
phantom surface.

To determine λ, an “error sphere” was defined with its
center coincident with pi and its surface tangent to the
phantom surface. The radius of this sphere, re, was calculated
as the sum of the maximum measured errors of registration
and robotic motion. Therefore, λ can be calculated as

λ ≥ re

cos
(
π
6

) (2)
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The magnitude of error depends on initial calibration and
other factors but can be measured according to the process
described in previous work [19]. For the trials reported here,
the registration error was measured as 190.0±77.1 µm with a
maximum error of 340.6 µm. The maximum error (340.6 µm)
was very large compared to the smallest targeted vein diameter
(120 µm), justifying the attention given to this problem. For
this study, re = 340.6 µm and therefore λ ≥ 393.3 µm.

APPENDIX C
DETECTION OF MICROPIPETTE CENTERLINE

The Vein Targeting step (Section IV-C) required knowledge
of the micropipette centerline location, obtained by image-
processing a C-scan as follows. The steel tube of the mi-
cropipette casts an optical shadow onto the retinal vein
phantom in the acquired C-scans because OCT laser cannot
penetrate steel (Fig. 14(a)). This shadow is easy to detect
and invariant to micropipette orientation. In each B-scan, the
retinal vein phantom surface was detected by averaging the
horizontal ( X̂O ) intensity values, detecting the two largest
peaks, and defining the peak with the smaller depth as the
phantom surface. An ROI was defined based on known geom-
etry, vertically blurred, and averaged along ẐO (Fig. 14(b)).
The global minimum was detected and gradients of the blurred
data were searched for the nearest, largest values on either
side of the global minimum. These gradients corresponded to
the edges of the shadow and their average corresponded to
the shadow center (red line in Fig. 14(b)). In each B-scan,
two values were obtained: the B-scan slice number, ysi , and
the shadow center, xsi . After examining all B-scans in the C-
scan, the points (xsi ,y

s
i ) were fit with a line—this was the

micropipette centerline projected into the top view (Fig. 14(c)).
From the C-scan data, a custom B-scan was compiled

perpendicular to the X̂Ŷ plane and collinear with ĉt (Fig.
14(d)). By design, the steel tube was visible in the data and
presented easily detectable features to use in ascertaining the
micropipette centerline and tip locations. During the calibra-
tion of the micropipette, a side-view B-scan of the micropipette
was acquired and the fixed distances between the steel edge
to the micropipette tip and the top line of the steel tube to the
micropipette centerline were manually measured. During the
automated detection, the top of the steel tube was detected, a
line was fit, and the edge of the steel tube was found. From
these detected landmarks, the location of the micropipette

centerline and tip could be known. The previously determined
(xsi ,y

s
i ) values were augmented with zsi to form ĉt, using

xsi as the common values between the two views (top view
and the side view). Image processing of a single C-scan to
localize the micropipette centerline required approximately 10
s to complete and 1–2 mm of the micropipette to be visible.

APPENDIX D
AUGMENTED OCT FEEDBACK

Outside the scope of the automated procedures, augmented
OCT B-scans where shown to the operator at a rate of 5
Hz during the cannulation procedure (Fig. 15). This feature
provided additional visual feedback to the operator: the mi-
cropipette tip was overlaid by a visual marker when hidden
inside the phantom. Furthermore, the B-scans automatically
tracked the micropipette tip such that, in the event of move-
ment (θ1, θ2, or d3), the OCT scanning plane rotated and/or
translated to maintain a clear view of the micropipette. It was
also possible to visualize the progression of dyed water inside
the vein during infusion (Fig. 15(b)), thereby providing addi-
tional feedback to the operator that cannulation was successful
and that infusion was progressing.

Fig. 15. Two examples of the OCT feedback provided to the operator at a
rate of 5 Hz during automated retinal vein cannulation of (a) a Ø120 µm vein
and (b) a Ø160 µm vein. The tip of the micropipette (yellow “plus” symbol)
was automatically overlaid atop the data and followed the tip as it cannulated
the vein. In (b), the example shown was acquired within 1 s of infusion and
shows the dyed water (yellow arrow) being infused through the vein phantom.

APPENDIX E
ACKNOWLEDGMENTS

This work was supported in part by funds from the UCLA
Stein Eye Institute; The Hess Foundation, New York, NY,



11

USA; The Earl and Doris Peterson Fund, Los Angeles, CA,
USA; an unrestricted institutional grant from Research to Pre-
vent Blindness (RPB), NewYork, NY, USA; unrestricted gifts
that support Tsao’s research program from various donors; the
National Institutes of Health Grant No. R01-EY029689-01;
and the Public Health Services Grant No. T32-EY7026-43.
The authors would like to thank Ismaël Chehaibou for his
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