2026 IEEE International Conference on Robotics and Automation (ICRA 2026)

June 1-5, 2026. Vienna, Austria

Automated retinal photocoagulation using instrument-integrated OCT
and laser pattern mapping

Marius Briel™?, Ludwig Haide!, Dongyue Wu'»3, Justus Hornstein?, Philipp Matten', Nicola Piccinelli®
Gernot Kronreif®, Eleonora Tagliabuel, Franziska Mathis-Ullrich?

Abstract— Retinal endolaser photocoagulation (REPC) is a
repetitive intraocular surgical procedure that could greatly
benefit from automation and distance-based control, improving
both efficiency and safety. This work presents a robotic system
designed for automated REPC, utilizing instrument-integrated
optical coherence tomography (iiOCT) to facilitate real-time
distance measurements. The system employs intraoperative
spherical and ellipsoidal retinal models to convert 2D laser
patterns into 3D arrangements, which are further refined
through a control loop that incorporates online feedback. Ex
vivo experiments in porcine eyes demonstrated clinical-level
accuracy, with lateral and axial errors of 44um and 29 um,
respectively. Additionally, the proposed mapping technique
produced patterns with greater equidistance than baseline
methods. This system showcases the potential to automate
repetitive surgical tasks while maintaining the surgeon’s control
over critical decision-making processes in ophthalmic surgery.

I. INTRODUCTION

Retinal microsurgery is a highly specialized field requiring
exceptional precision due to the delicate nature of retinal
tissues. These procedures require superior hand-eye coor-
dination and fine motor control that surpasses the limits
of untrained individuals [1], [2]. Despite advancements in
stereo microscopy, surgeons often struggle to accurately es-
timate instrument-to-retina distances when relying solely on
visual cues [3]. Surgical robots offer significant advantages,
including enhanced positioning accuracy through motion
scaling, tremor reduction, and the ability to maintain steady
instrument states [4]. By automating repetitive tasks, robotic
systems can reduce cognitive load, allowing surgeons to
focus on higher-level decision-making [5].

Retinal endolaser photocoagulation (REPC), commonly
used to treat conditions like retinal detachments or diabetic
retinopathy, is an ideal candidate for automation. REPC em-
ploys an optical fiber—integrated endolaser probe to deliver
laser energy to the retina, inducing localized thermal tissue
alteration that destroys abnormal blood vessels or seals reti-
nal breaks [6]. The downsides of manual operation include
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Fig. 1: The experimental setup comprises a robotic manipu-
lator, an optical coherence tomography (OCT)-based sensing
module, and a surgical laser source. The probe integrates two
optical fibers for distance sensing and laser delivery

the difficulty of controlling distance, which is crucial for
safety and effective treatment, and the repetitiveness of the
procedure, which requires surgeons to maintain prolonged
focus. With up to 1500 panretinal laser spots applied over
30 minutes [7], robotic assistance could significantly improve
efficiency and precision.

This work leverages a teleoperated system [8] to enable
automated REPC. The system utilizes instrument-integrated
optical coherence tomography (iiOCT) for intraocular dis-
tance measurement and retinal surface modeling. Intraop-
erative spherical and ellipsoidal models are employed to
map 2D laser patterns onto 3D retinal surfaces for optimal
pattern placement. It is challenging to map 2D patterns onto
3D shapes while preserving the relative distances within the
pattern. However, equidistant laser patterns are essential for
uniform energy distribution on the retina, preventing both
over- and undertreatment [9]. A control loop based on iiOCT
feedback dynamically adjusts the surgical plan to maintain
safe and consistent instrument-to-retina distances, even under
high-speed operation. The system’s performance is validated
through simulations and ex vivo experiments on open-sky
and closed-sky porcine eyes (Fig. 1).

II. RELATED WORK

Robotic systems in ophthalmic surgery encompass hand-
held, magnetic, and telemanipulated platforms [5]. Notable
examples are Micron [10], OctoMag [11], and RAMIS
ophthalmic micromanipulator [12]. Handheld instruments
integrate motors to compensate for unintended micro-
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movements [10]. Magnetic systems utilize electromagnetic
fields to control microrobots or flexible instruments [11].
Telemanipulated systems allow remote control of robotic
manipulators via input devices [12].

Balicki et al. first integrated fiber-based OCT into a mi-
crosurgical instrument held by a Cartesian coordinate robot,
enabling safety constraints and constant distance mainte-
nance [13]. More recently, Piccinelli et al. developed an
OCT-enhanced multi-modal feedback platform for robot-
assisted ophthalmic surgery, incorporating haptic, visual, and
acoustic feedback [8]. Furthermore, they used a radial basis
function model to define a safety band [14]. Prior work used
real-time 1iIOCT data to regulate the distance between the
surgical instrument tip and the retina during REPC surgery,
with a pilot study demonstrating a 59 % reduction in surgeon
workload [15].

Initial attempts to automate REPC have utilized handheld
and magnetic robotic systems with camera feedback. Yang
et al. employed the handheld Micron system for automated
intraocular laser surgery, using high-resolution optical mo-
tion tracking to determine instrument tip poses [16]. Planar
movements were contolled via microscope-based visual ser-
voing, while axial movements maintained a constant distance
from the retina [17]. However, Micron’s limited motion range
of 4mm restricts its application to specific areas, such as
retinal break treatments [18]. Additional challenges such
as camera calibration, 3D reconstruction, and zoom optics
further complicate automation [19].

An automated large-range panretinal photocoagulation
system was presented by Charreyron et al. [20], featuring
a magnetically steered endolaser probe. Their experiments
were conducted on a spherical phantom eye. Pattern plan-
ning, however, relied on 2D images from a monoscopic cam-
era and the 3D topology of the retinal surface was negelected.
Distortions from eye optics and wide-angle viewing systems
further complicate modeling.

In summary, surgical robotic systems have been utilized
for perception and control in REPC; however, automating
patterned laser delivery in closed-sky scenarios remains
unresolved. Robotic systems relying on extraocular sensors
are particularly affected by distortions and limited depth
perception, which hinder validation in realistic closed-sky
settings. In contrast, intraocular iiOCT avoids these distor-
tions and enables precise 3D reconstruction of closed-sky
eye geometry by integrating robotic instrument poses with
distance measurements [21]. This work exploits the unique
advantages of iiOCT to improve robot-assisted laser surgery.

III. METHODS
A. Surgical workflow

To facilitate collaboration between automated components
and surgeons, our approach delegates critical decisions to
surgeons while automating repetitive surgical steps (Fig. 2).
After vitrectomy (S7), surgeons navigate the endolaser probe
to the pathologic area using an input device and select the
laser pattern by specifying its shape, spacing, and size (S2).
After automated pattern delivery, surgeons visually assess

Performed by Automated
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Model-based
pattern planning

Automated
pattern execution '

]
. 3 “a[ visual inspection }(S3)

Fig. 2: Automated REPC workflow

the outcome and, if necessary, make adjustments via the
input device (S3). The automated system comprises two
main components: The planning unit determines target laser
locations (A2) on the eye model (Al), while the control
unit manages real-time data processing and motion execu-
tion (A3).

B. Eye modeling

The iiOCT engine acquires one-dimensional tomographic
scans (A-scans) of the retinal structure. A convolutional
neural network is used for real-time boundary segmenta-
tion in A-scans, enabling instrument-to-retina distance es-
timation [22]. However, a wash-out effect is observed in
scans, characterized by poor visibility of the retina, and
particularly pronounced at speeds above 3mm/s in the
axial direction. To address this issue, a distance correction
pipeline is used [23], [24]. Using forward kinematics, these
distances are converted to 3D points of the retinal surface,
generating a point cloud as the probe moves, following the
method in [8]. Alternatively, eye models could be based on
registered preoperative data [25]. To address noise and non-
uniformity in the reconstructed point clouds, intraoperative
models are created. Spherical [26], [27] and ellipsoidal [28],
[29] fitting methods are employed to represent the eye’s
shape for surgical planning. Ellipsoidal models, shown to
outperform spherical models in accuracy [29], better capture
variations in eye curvature along different axes. Nevertheless,
spherical models were used due to their simplicity and com-
putational efficiency. Furthermore, ellipsoid fitting exhibits
unstable performance when provided with insufficient data
points [28].

C. Sphere-based pattern planning

2D and 3D Euclidean distances can be misleading as they
do not account for the retinal surface curvature. Fig. 3a illus-
trates a 2D mapping baseline method that neglects curvature
effects. The great circle path computes the shortest distance
between two surface points (7, A1, ¢1) and (7, A2, ¢2) along
a sphere’s surface. This path is defined by the intersection
of the sphere with a plane through its center and the two
surface points. The arc length d>” is calculated using the
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Fig. 3: Three model-based mappings of 2D patterns onto the
3D retinal surface

spherical law of cosines:

d3P = r arccos (sin ¢, sin ¢ 4 cos ¢1 cos ¢ cos(|AN])) ,

ey
where A1, Ao are longitudes and ¢1, ¢ are latitudes. Direct
mapping transfers a 2D pattern onto a sphere centered at
c with radius r (Fig. 3b). The tangent plane of the pattern
center s = (s, Sy, 5.) is spanned by

_ (s—c)xv
l(s —¢) xv||’

(s—c)xt;
2= T
l[(s =€) x ta]

where Vv is a unit vector in the z-direction, which corresponds
to the optical axis. The 2D pattern points {u; = (ug, uy)}
are mapped to the tangent plane as p; = s + uzt1 + uyto.
These points are then projected onto the sphere’s surface:

p; —¢C
Ipi —cll
The directly mapped pattern {m,} serves as an initial guess
for optimization, which iteratively adjusts the mapping to
minimize distortion, ensuring the mapped pattern retains
its original equidistant relationships while conforming to
the sphere’s curvature. Given desired 2D distances d?P =
||p; — s|| and corresponding great-circle distances

t 2

3)

m; =c+r-

d3P = GreatCircleDistance(s, m;; 7, c) , 4

the goal is to optimize 3D pattern points m; to preserve
original 2D distances such that d3” =~ d?P (Fig. 3c):

argmin  J(oy;) = arg minz (d3P () — d?D)2 ., ®

with updates given by

s+ a;(m; —s) —c

(6)

m,=c+r-

s+ au(m; —s) —cf

D. Ellipsoid-based pattern planning

Let the ellipsoid be centered at ¢ = (c,, ¢y, ¢;) with semi-
axes 71, 2, and rz. For accurate distance calculations on
ellipsoids, we employ the Vincenty distance, commonly used
in geodesics [30]. The pattern points p; on the tangent plane
are determined similarly to the sphere; however, to map p; =
(ps, Py, p2) onto the ellipsoid, we require the factor

1 Pz —C 2 Dy —C 2 —c.\°
ey () < () < (550) o
ki 1 T2 T3

The direct mapping is then given by:
m; =c+k;-(pi—c). ®)

The Vincenty distance between any two mapped points m;
and m; on the ellipsoid is:

dij = VincentyDistance(m;, m;;r1,72,73,¢).  (9)

Our goal is to iteratively adjust the pattern so that its
distances d?jD closely resemble the target distances dij .
The objective function sums the squared differences between
computed Vincenty and target distances:

F(mymy) = 37 (@ (my,my) - d2P)° .

4,3

(10)

To ensure conformity with the ellipsoidal equation, a penalty
term P(m;, m;) is added. The combined objective func-
tion J = f + P is minimized using the gradient-based
optimization algorithm L-BFGS (Limited-memory Broy-
den—Fletcher—Goldfarb—Shanno) [31], with the direct ellip-
soid mapping serving as the initial guess.

E. Automated pattern execution

The end-effector poses for the planned laser pattern are
computed by offsetting the optimized pattern points toward
the remote center of motion (RCM). This working distance,
along with the laser pulse parameters (power and duration),
influences the energy density for each spot. To mitigate
modeling errors, a feedback loop is implemented. Real-
time iiOCT measurements dynamically refine the laser’s
working distance to maintain a constant distance throughout
the treatment.

Three control modes are implemented, offering varying
precision levels, at the cost of increased computational
complexity. In Mode 0, robotic control operates solely on the
precomputed model-based trajectory, applying a trapezoidal
velocity profile with a quintic polynomial blend between con-
secutive end-effector poses. In Mode 1, proportional control
is applied exclusively at the laser points, prioritizing fast
execution but compromising overall instrument movement
smoothness. In Mode 2, proportional control is extended to
the entire trajectory, ensuring consistent instrument-to-retina
distances at all times. An illustration of the different modes
is provided in Fig. 4.

IV. EXPERIMENTAL VALIDATION

A. Experimental setup

The robot (ACMIT, Wiener Neustadt, Austria) is a three-
degree-of-freedom manipulator with a parallel kinematic
structure providing a mechanical RCM. The pivoting range
is £40° for both rotating axes around the RCM, with a
linear insertion range of 100 mm [8]. It supports position-
based control at 50 Hz. The Phantom Omni (SensAble,
USA) serves as the input device for end-effector control. A
distance sensing module, developed for intraocular measure-
ments, utilizes OCT for precise distance estimation, based
on a common-path spectral domain OCT configuration with
12.8 mm imaging depth in air [8].
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Fig. 4: Three control modes offering varying levels of pre-
cision in maintaining desired instrument-to-retina distances

Eye  Condition  Direction Evaluation Display
1 closed-sky lateral mappings Table II, Fig. 8
2 open-sky lateral detachment Fig. 9, Fig.10
3 open-sky axial modes Fig. 11
4 open-sky axial movement time Table IIT

TABLE I: Overview of porcine eyes used in real-world
experiments

The ZEISS VISULAS® green (Carl Zeiss Meditec AG,
Jena, Germany) surgical laser source operates at 532nm
with a maximum output of 1.5 W. Automation is achieved
via an ARDUINO MEGA 2560 for software-based laser
triggering, eliminating the need for a foot switch. A dual-
fiber probe was developed for distance-controlled REPC.
It integrates a single-mode OCT sensing fiber (SM 780HP,
Diamond) with an 842 um gold-coated GRIN fiber (YOFC)
at its tip for common-path OCT sensing, alongside a 50 pm
core multi-mode fiber (FGO50LGA, Thorlabs) for surgical
laser delivery. Both fibers, with diameters of 125um and
250 um, are housed in a stainless steel tube (OD: 0.65 mm,
ID: 0.49 mm) using medical-grade epoxy (4305 LC, Loctite).
An overview of the surgical setup is shown in Fig. 1.

B. Experimental procedure

Experiments are conducted on four ex vivo porcine eyes,
and Table I provides an overview of the porcine eyes used
for quantitative evaluation. In the closed-sky configuration,
instruments are inserted through a trocar, and the RCM
is aligned with it; in the open-sky condition, the eye is
dissected. In both cases, the eyes are fixed on a platform
and remain static within the robot’s coordinate system. An
initial OCT spiral scan is performed to obtain a sphere
fit of the retina for surgical planning. Laser patterns are
sized and spaced between 7 X 7 to 15 x 15, and 400 um to
800 um, respectively, similar to [9]. During pattern execution,
iiOCT distance data, robotic poses, and laser timestamps
are recorded for evaluation. For quantitative evaluation in
closed-sky eyes, great-circle paths are computed. For open-
sky eyes, a high-resolution grid scan (10 um spacing) is
performed for geodesic distance computation using a radial

Robotic
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3l Severe retinal detachment
/ (due to dissection)

Laser (green)

Post-delivery (white)
delivery

L~q laser lesions Dual-fiber

probe

Fig. 5: Automated REPC using a probe that integrates laser
and sensing fibers on an open-sky porcine eye

basis functions surface model [21]. This was done due to
the increased surface irregularity of open-sky eyes, which
we considered to resemble pathological eyes with retinal
detachments. A fiber-integrated cannula without a laser fiber
is used to improve signal quality. Laser delivery locations
are reconstructed with distance measurements and forward
kinematics, projecting delivery locations onto the model in
the probe’s axial direction to account for online measurement
errors. A proof of concept with the dual-fiber probe is
demonstrated on an open-sky porcine eye (Fig. 5).

C. Metrics

Previous studies established a ground truth for lateral
evaluation of laser delivery through overlays in the micro-
scopic view [16], [20]. However, these 2D overlays do not
account for 3D retinal geometry. Thus, we assess distortions
in equidistant spacing introduced by 2D-to-3D mapping [9].
We compute Euclidean distances dap(;,5) in the 2D pattern
and geodesic distances dsp;,;) in the delivered pattern. The
(global) mean absolute distortion (MAD) is defined as:
dspig) 4

MADI%] = — . (1)

dap(i,j)

where n is the number of points in the pattern (e.g., 225 for a
15 x 15 pattern). The maximum absolute distortion (MaxAD)
is defined as:

dspiis
MaxAD|[%] —2Dlid)

= max

- 1’ . (12)
2D(i.j)

The local metric exclusively considers immediate neighbors

. 7):

MAD[um| =

1

D E——————_—— d D T - d D 51 a1
4/n(yn —1) (;)j;) | 3D(i',5") 2D(i’',5")
(13)

The (global) mean signed distortion (MSD) is defined as:

ZZ d3D(z,]) 1 ’

i=1 j=1 dQD(%J)
J#Z

MSDI[%] = (14)
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Fig. 6: Direct and optimized 3D mapping for a 15 x 15 pattern

with corresponding standard deviation (SD):

1 " dspii
SD[%] = 8D()) 1 _MSD)2. (15)
n(n —1) 2= dap(i)
J#£i

Local MSD[um] and SD[um] are defined similarly, but
focusing on immediate neighbors (i', j').

Axial control accuracy is evaluated by measuring absolute
deviations from the target distance, set at 5 mm. The metrics
used are referred to as mean absolute error (MAE) and
maximum absolute error (MaxAE). To ensure consistent laser
spot sizes, axial accuracy at laser triggering is especially
critical. Accordingly, MAE-L and MaxAE-L are defined to
quantify errors specifically at those locations.

V. RESULTS
A. Simulation results

Robot Operating System Visualization (RViz) is used for
sub-system testing of pattern mapping. Fig. 6 shows the
behavior of mapping methods for a 15 x 15 pattern. The
2D mapping overestimates distances due to unaccounted
eye curvature, while direct mapping underestimates them.
Fig. 7 illustrates ellipsoid-based pattern mapping distortions
on an ellipsoid fit of the Lankenau model eye (Modell-Augen
Manufaktur Dr. Eva Lankenau, Germany), with semi-axes of
9.35mm, 9.16 mm, and 8.62mm. The optimized mapping
method maintains the MAD below 0.6 %, even for larger
patterns, with a maximum MaxAD of 4.9% for a 15 x 15
pattern — a 70 % reduction compared to direct mapping.

Differences between sphere-based and ellipsoid-based op-
timized mappings increase with pattern size. For the 15 x 15
pattern, the ellipsoid-based MAD is 0.29 %, while the sphere-
based is 3.2 %. The MaxADs are 4.9 % and 13.4 %, respec-
tively, highlighting the importance of eye model choice for
accuracy. An ellipsoidal model reduces mapping distortions
when an accurate fit is available.

B. Lateral accuracy analysis in porcine eyes

Table II presents the MSD and SD in the closed-sky
experiment, comparing mapping methods for a 15 x 15
pattern with 800 pm spacing. Direct mapping leads to overly
dense placement (MSD of —8.11 % and —57.6 um), while

Optimized, MAD n

—— Direct, MAD A
14 Optimized, MaxAD it
—12] Direct, MaxAD
o\o |
‘E‘ o
5 10 pr
5 s i
417“ -
a6 "

™ © A & O
P N A

Pattern size

Fig. 7: Direct and optimized ellipsoid-based pattern mapping
distortions for various pattern sizes with 400 pm spacing

TABLE II: Mean distortions (MSD) and standard deviations
of distortions (SD) of direct and optimized mapping com-
pared to 2D mapping

15 x 15, 800 ym Global Local

MSD SD MSD SD
2D mapping 3.29% 5.34% 60.7 um 70.2 pm
Direct mapping —811% 5.84% —57.6um 81.2um
Optimized mapping —1.66% 4.98% 9.71 ym 67.0 um

2D mapping leads to insufficient coverage (MSD of 3.29 %
and 60.7 um). Optimized mapping achieves minimal MSD
of —1.66 % and 9.71 um, with the lowest SD of 4.98 % and
67.0 um. Results align with qualitative observations in Fig. 6.
The evaluated optimized 15 x 15 laser pattern, along with its
corresponding points projected on the sphere, are shown in
Fig. 8. These projections are used to compute great-circle
paths, forming the foundation for evaluation. The minimal
deviation observed between the delivered laser points and
their projections supports the suitability of using a sphere
within a closed-sky eye.

Fig. 9 shows global optimized pattern distortions in an
open-sky porcine eye. The significant retinal detachment due
to post-mortem degradation and dissection results in a MAD
of 14% and a MaxAD of 30 %. Laser points of the 7 x 7
pattern show greater accuracy on smoother retinal areas,
while distortions are more pronounced in irregular regions
due to large geodesic distances compared to the smooth
spherical eye model.

Fig. 10 displays signed deviations from the target spacing
of 400pm for a 7 x 7 pattern. Considering only direct
neighbors, the MAD and MaxAD reduce to 11 % and 25 %,
respectively, with a maximum spacing of 499pum and a
mean absolute deviation of 44 um. The minimum spacing of
395 um indicates negligible overlapping between laser spots.

C. Axial accuracy analysis in porcine eyes

Fig. 11 shows control mode performance with a subopti-
mal sphere fit of a porcine eye. In Mode 0, the instrument-
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Fig. 8: A 15 x 15 optimized laser pattern delivered within
a closed-sky porcine retina, alongside the points projected
onto a fitted sphere
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Fig. 9: Color-coded distortions per laser point in an open-sky
porcine eye with retinal detachment
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Fig. 10: Signed deviations from the target spacing of 400 um
for a real-world 7 x 7 pattern
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Fig. 11: Performance of various control modes with a sub-
optimal sphere fit in an open-sky porcine eye

Movement time MAE-L MAE MaxAE-L MaxAE

Fast (0.1s) 37 74 216 439
Medium (0.4 s) 29 60 72 376
Slow (0.9s) 27 49 91 230

TABLE III: Axial deviations from the target instrument-
to-retina distance of 5mm for Mode 2 at varying lateral
movement durations between laser spots

to-retina distance is dictated by the inaccurate model. In
Mode 1, online measurements at laser spots ensure consistent
laser delivery. Mode 2 maintains constant distance through-
out, regardless of surface irregularities.

Table III presents average and maximum axial deviations
from target distances across different lateral movement times.
The MAE-L improves by 10 um with slower movement, and
MaxAE-L improves substantially with slower movements.
The MAE of 74pum for fast movements is still below the
level of surgeons’ hand tremors [1].

VI. DISCUSSION

The results of 2D-to-3D pattern mapping show a clear
trend: as pattern size increases, optimized approaches in-
creasingly outperform 2D and direct mapping. Utilizing
ellipsoid fitting for the human eye’s ellipsoidal shape [32]
is beneficial for maintaining desired spacing on the retina.
However, practical scenarios introduce system errors from
various sources, including mechanical inaccuracies, sensor
inaccuracies, and system latencies. Sphere-based experi-
ments demonstrate precise lateral placement of laser points,
with maximum errors within safety margins of 100 um.
Local model-based geodesic distances between laser points
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are generally larger than the sphere-based distances used
for planning. In vivo eyes are expected to have smoother
curvatures than the open-sky porcine eyes, which exhibit
significant retinal detachment. However, the in vivo transfer
of our method may be affected by eye movements or tissue
elasticity, both of which could impact the rigidity of the
robotic system. Further work must incorporate movement
compensation and dynamic modeling.

Given the optical fiber diameters, the lateral offset between
the two fibers is considerable, especially with a target spot
spacing of 400 pm. Thus, the control algorithm must account
for this lateral offset when using a dual-fiber probe. Future
work could involve modifying the dual-fiber assembly to
couple surgical laser and OCT signals into one fiber. Addi-
tionally, straight and rigid probes struggle to reach peripheral
regions of the eye, indicating a need for curved/flexible
probes [33]. The added degrees of freedom for bending and
rotation complicate trajectory planning and control, though
they could be modeled using the method described by
Caravaca-Mora et al. [34].

VII. CONCLUSION

This study presented an automated robotic system that
utilizes iiOCT for undistorted intraocular sensing, enabling
precise automated laser pattern delivery in REPC procedures.
Validation conducted in both open-sky and closed-sky envi-
ronments demonstrated that the 2D-to-3D pattern mapping
approach effectively preserved the desired 2D spatial re-
lationships within a 3D context. By integrating automated
pattern execution with precise distance control, the proposed
system can enhance both the efficiency and safety of ocular
laser surgery.
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