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EyeLS: Shadow-Guided Instrument Landing System
for Target Approaching in Robotic Eye Surgery
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Nassir Navab1, Fellow, IEEE, and M. Ali Nasseri2∗

Abstract—Robotic ophthalmic surgery is an emerging technol-
ogy to facilitate high-precision interventions such as subretinal
injection and removing swinging tissues in retinal detachment
using microscopy and iOCT. However, locating the instrument tip
outside iOCT’s range-limited ROI is challenging, especially at the
initial target-approaching stage. Meanwhile, due to 2D perspec-
tive projection and the lack of depth perception with the required
micron precision, current image-based methods cannot effectively
navigate the instrument tip’s trajectory towards both intra-
retinal and above-retinal target points. To address this limitation,
we propose using shadows of the instrument tip and target to
estimate their relative depth position and optimize the instrument
tip’s insertion trajectory until it approaches targets within the
iOCT’s scanning area. Our method achieves a mean depth error
of 0.0127 mm for above-retinal targets and 0.3473 mm for intra-
retinal targets in the surgical simulator without damaging the
retina, triggering subsequent iOCT-dominant micron-precision
manipulations. This method also succeeds in the experiment of
target approaching on a retina model.

Index Terms—Medical Robots and Systems, Vision-Based Nav-
igation, Visual Servoing

I. INTRODUCTION

IN ophthalmic surgeries, surgeons pursue micron-scale
precision for intraocular status estimation and avoiding

anatomic damage during instrument-tissue interaction. As a
promising high-precision solution, intraoperative optical co-
herence tomography (iOCT) is integrated with microscopy in
the Operation Room (OP) [1]–[3], especially for the subretinal
injection procedure [4]. However, the iOCT-guided surgical
applications, such as instrument-pose estimation and retina
reconstructions [5]–[11], take effect only when the surgical
instrument moves within the iOCT’s limited scanning range
(commonly 6x6 mm2 square area). Although novel methods,
such as spectrally encoded reflectometry (SER) [12] and 4D
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OCT, are invented to assist the dynamic iOCT-instrument
coordination, they still need time-consuming data processing
and device validation to achieve a mature surgical integra-
tion. Therefore, it is necessary to investigate more efficient
image-guided methods to navigate instruments at the initial
target-approaching stage without updating the current surgical
hardware in the OP.

(a) Example of trocars [13]. (b) Example of surgery frames.

Fig. 1: Example of surgical setup in real surgeries.

In microscope-guided surgeries, as shown in Fig. 1, the core
surgical tasks include extracting the relative instrument-target
position to optimize the instrument trajectory. Few researchers
propose to use laser and structured light to cast a visible light
marker on the retina for the instrument navigation [14]–[19].
However, apart from their potential light toxicity, such light-
based marker generation can only specify targets on the retina
and, therefore, is limited in posterior-segment interventions.
Other methods use microscopy to estimate the absolute po-
sition of instruments inside the eye, such as stereo-camera-
based depth estimation [20] with the difficulty of calibrating
the stereo camera system, and deep learning [21]–[23] to
implicitly generate motion commands with the challenge of
collecting diverse microscope image datasets for network
training.

An inspiring light-probe control method [24] is proposed to
move the light probe so that the instrument and its shadow are
separated in the image during the retina-approaching proce-
dure, hence allowing qualitative estimation of the instrument-
retina distance. However, this method only considers target
points on the retina and has the drawback of the instrument’s
long-time visual blockage of the retinal target. Therefore,
it causes difficulty in monitoring the instrument-tissue in-
teraction and affects the subsequent instrument control. Fur-
thermore, the instrument’s approaching direction towards the
retinal target is limited due to its vertical tip trajectory, which
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is not consistent with the common axial-oriented instrument
insertion.

In this paper, relying on the basic principles of light and
shadow, we propose and prove a theorem that given a properly-
placed light probe, a desired planar point and its shadow in
the microscope image determine a unique 3D point inside
the eyeball. Based on this theorem, the instrument tip’s 3D
trajectory that intersects the target is represented by the
projections of the predicted tip trajectory, passing the planar
target point, and its shadow trajectory, passing the planar target
shadow. Specifically, horizontal alignment and vertical-angle
optimization contribute to the cannula tip’s landing onto the
target from the side direction by overlapping the tip and target
and their shadows, respectively.

The proposed method has the listed advantages over other
state-of-the-art methods: 1) A unified theory to handle both
intra-retinal and above-retinal intraocular target points during
relative-depth estimation; 2) Explainable and intuitive utiliza-
tion of shadows for motion control; 3) The side-approaching
strategy avoids visual blockage and is consistent with the
direction of instrument insertion.

II. EXPLANATION OF CONCEPT

This paper considers the surgical instrument a cannula since
it covers most surgical cases. Notations for context reference
are listed in TABLE. I.

TABLE I: Notations and thresholds.

variable meaning

P a point set

P a plane

lo / po fitted line / point of object o in the image

lp / c / cs / t / ts light / cannula / its shadow / target / its shadow

pcrcm cannula’s RCM point (trocar)

lp1→p2 line defined by two points p1 and p2

lv line that perpendicular to imaging plane

Jc = ∆R/V/H periodical step motion along spherical axes

do1→o2 distance between object o1 and o2

v⃗o1→o2 vector from o1 to o2

σclose pixel threshold for enabling shadows

σ
ang/dis
align angle / pixel-threshold of horizontal alignment

σapp pixel threshold for checking object overlapping

A. Priors and Assumptions

In ophthalmic surgeries, especially posterior-segment inter-
ventions, the patient is under general anesthesia as a prior,
hence allowing the surgeon to maintain the eyeball’s stability
and visual alignment using eyeball-orbital control [25]. Fur-
thermore, according to the instrument motion constrained by
trocars, the cannula’s trocar pcrcm in the image is approxi-
mated as the intersection of multiple cannula lines [l1c , ..., l

i
c]

with different horizontal angles, which is solved as a least-
square problem. Image segmentation is a prior technique in
this paper that helps capture and assess the dynamic intraocular
environment.

In this paper, our method relies on the following assump-
tions: 1) The whole surgical cannula is modeled as a cylinder;
2) The retinal surface is not severely deformed to enable
the cannula tip’s shadow approximation; 3) The microscope
and the cannula’s polar plane are both vertically aligned with
the eye. 4) The light probe is appropriately placed to cast
brightness and shadow inside the visible range of the retina.

B. Target Definition

The above-retinal target points pt ∈ Pfloating are partially-
detached retina tissues floating or swinging in the hollow
vitreous space to be peeled or sucked, hence owning the
feature that target pt and its shadow pts on the retina are
separated in the microscope image. In realistic surgeries, we
define the desired cannula-tissue collision point as the target
point pt (usually an edge point of the tissue). The target point’s
shadow pts is approximated as the intersection of the light-
target line llp→t and the tissue’s shadow edge on the retina.

The intra-retinal target points pt ∈ Pretinal are the desired
retinal location on or beneath the retina for surgical manipula-
tions, i.e., subretinal injection, hence owning the feature that
pt and pts are approximately overlapped in the microscope
image even considering the retinal transparency.

C. RCM Modeling

Since trocars are placed through the conjunctiva and sclera
to provide tunnels of penetration as depicted in Fig. 1(a), the
control of instruments should be pivoted around trocars, which
forms the Remote Center of Motion (RCM) constraint. Then,
the cannula’s motion is described by its radius, horizontal (az-
imuthal) and vertical angles (polar) in a spherical coordinate
system with its origin point at the trocar, as shown in Fig. 2(a).
Consequently, the target-approaching procedure is described as
finding the cannula’s ideal insertion trajectory that intersects
the target as shown in Fig. 2(b).

(a) Spherical motion modeling. (b) Vertical target exploration.

Fig. 2: Spherical modeling for RCM and target exploration.

III. METHOD

A. Method Overview

The task flow of our proposed target-approaching method is
depicted in Fig. 3. The horizontal alignment (b) and enabling
shadow (c) execute once and are maintained during runtime.
The axial insertion (d) and shadow alignment (e) are coor-
dinated in each frame-processing loop until the cannula tip
reaches the target point.
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Fig. 3: Task flow of the proposed method with the comparison of the top and front view.

B. Explanation of Steps

1) Horizontal Alignment: The initial horizontal alignment
is to rotate the cannula horizontally so that the cannula’s
projected trajectory intersects the target, at least in the image,
which does not guarantee the intersection in the 3D space.
Considering the cannula’s segmented direction fluctuation due
to unstable image segmentation, the horizontal alignment is
divided into two stages based on the cannula-target distance
dc→t compared with threshold σclose. When dc→t > σclose,
the intersection angle between v⃗crcm→c and v⃗crcm→t is main-
tained within σang

align to finish a rough angle-based horizontal
alignment due to the distance redundancy of safe cannula-
target interaction. If dc→t ⩽ σclose, the distance dpt→lc is
maintained within σdis

align to achieve precise horizontal align-
ment. In each frame, rotation by step angle ±∆H is conducted,
its direction depending on the relative cannula-target position.

2) Enabling Shadow: Suppose no cannula shadow is visible
in the microscope. In this case, the cannula should be rotated
toward the retina (∆down

V ) within its vertical exploration plane,
as shown in Fig. 2(b). Although the cannula shadow appears
around the cannula tip, the consequent visual fallback of the
cannula’s projection should be compensated for by its axial
insertion to ensure the cannula tip and its shadow are always
inside the visible retinal range.

3) Axial Insertion: Since the cannula is already heading
to the target in the image with both their shadows visible
on the retina, the cannula tip should get closer to the target
point by axial movement to achieve the target approaching.
Meanwhile, the initial cannula placement and the relative
cannula-target position determine the direction of axial move-
ment. If dcrcm→c > dcrcm→t, the cannula is over-inserted,
hence in need of axial fallback ∆out

R to get closer to the
target. Otherwise, the cannula can be further axially inserted
∆in

R toward the target by increasing its insertion radius if
dcrcm→c < dcrcm→t.

4) Shadow Alignment: After the cannula is horizontally
aligned toward the target, as shown in Fig. 2(b), the remaining
task is to find a proper polar angle for the cannula in its vertical
exploration. This vertical alignment is solved by searching for
the ideal tip position and trajectory.

light-probe tip

possible cannula tip

(highest with shadow)

possible cannula tip (lowest)

actual target

shadow-moving 

direction

depth-adjusting 

direction

invisible 

shadow

visible 

retinal area

light path

Fig. 4: Depth adjustment and shadow movement.

As for exploring the ideal tip position, the cannula tip pc and
the target point pt are already visually overlapped. In this case,
plp, pc, pcs, pt and pts are all inside the vertical light plane
Pvlp (the orange sector area in Fig. 2(b) and also in Fig. 4)
that is perpendicular to the microscope’s imaging plane Pimg .

Then, the vertical distribution of the cannula tip (with visible
shadows) on the target’s vertical projection line lvt ∈ Pvlp

is denoted as a sequence of m cannula-tip points Pcv =
[p0c , ..., p

i
c], i ∈ [0,m) in the order of increasing cannula-

tip depth. Using the retina bottom as the reference position,
p0c is the highest possible cannula-tip position floating inside
the vitreous space with a visible shadow, while pm−1

c is
the deepest of possible cannula-tip position with its invisible
shadow overlapped with the target on the retina. Subsequently,
with E the spherical surface of the eyeball, the visible shadow
point pics of any cannula tip pic ∈ Pcv can be obtained using
Equation (1) as a one-to-one mapping.

∀pic ∈ Pcv, pics = llp→pi
c
∩ E , pics ∈ Pvlp (1)

Since all possible cannula shadow tips pcs are distributed
within the vertical light plane Pvlp, the cannula tip’s depth dis-
tribution is consistent with its shadow distribution as Equation
(2) where dp means the object’s depth. Given two different
points pic, pjc ∈ Pvlp,

dpic > dpjc 7→

 dpt→pi
cs

< dpt→pj
cs

if plp invisible

dplp→pi
cs

< dplp→pj
cs

if plp visible
(2)
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Based on Equation (2), when the cannula tip is overlapped with
the target point in the image, the relative position between
pts and pcs can be referred to for the cannula tip’s depth
adjustment by achieving the overlapping of the cannula tip
and the target and their shadows, as Equation (3).

p3dc ≈ p3dt if pc ≈ pt and pcs ≈ pts (3)

However, the pure vertical alignment strategy, as presented
in [24], has the drawback of visually blocking the target.
Therefore, exploring the ideal tip position is extended into
exploring the ideal tip trajectory. Since the cannula is already
horizontally aligned toward the target, the cannula tip’s axial
insertion trajectory Tc is determined to intersect with the
target’s vertical projection line lvt at the expected cannula-tip
position p3decp. Although pecp in the image cannot be visually
recognized due to the perspective projection, its corresponding
shadow point can represent it as the intersection of the line
llp→t and the cannula’s shadow-tip trajectory Tcs based on
the shadowing principle. We define this shadow point as the
expected shadow position pesp, which is mapped to pecp
according to Equation (1). Then, the cannula-target alignment
in the 3D space as Equation (3) can be approximated as
Equation (4).

p3dc ≈ p3dt if pecp = pc ≈ pt and pesp ≈ pts (4)

In practice, the cannula’s future shadow-tip trajectory is
predicted by extending the current shadow along its current
orientation as Tcs ≈ T pred

cs ≈ lcs. Then, combining Equation
(2) and (4), the simultaneous shadow alignment is achieved
by considering the cases in Fig. 5(b)-(f). The corresponding
motion-command generation is presented in Algo 1.

The horizontal alignment and its real-time maintenance are
bare assertions as Algo-1 line 1. After the recognition of point
plp, pts and pesp, the distance from plp to the latter two points
can be calculated as dlp→ts and dlp→esp.

Algorithm 1 Procedure of Shadow Alignment

1: AssertOrientationAligned()
2: pesp = lcs ∩ llp→t

3: if dts→esp ⩽ σapp

4: if (dc→t ⩽ σapp) and (dcs→ts ⩽ σapp)
5: StartiOCT()
6: else
7: if dc→cs ⩽ σapp

8: Jc = ∆out
R & ∆up

V

9: else
10: if dcrcm→c < dcrcm→t

11: Jc = ∆in
R

12: else
13: Jc = ∆out

R

14: else
15: if dlp→ts < dlp→esp

16: Jc = ∆down
V

17: else
18: Jc = ∆up

V

19: MoveCannula(Jc, ∆R)
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Fig. 5: Exclusive top views for trajectory optimization.

If all dts→esp, dc→t approximately reach the threshold σapp,
both cannula tip and its shadow are correctly aligned around
their target positions, hence triggering the subsequent high-
precision iOCT navigation, as Algo-1 lines 3-5. Otherwise,
the shadow-aligned cannula should conduct its axial inser-
tion/fallback by step length ∆R depending on if the tip is
beyond the target or falling behind referring to pcrcm, as lines
10-13 and in Fig. 5(d).

If the estimated shadow position pesp is not overlapped
with the target shadow pts, the relationship between dlp→ts

and dlp→esp defines the relative cannula-target position. If
dlp→ts < dlp→esp as shown in Fig. 5(c), the cannula tip’s
insertion trajectory (referring to pecp) is above the target’s
3D position, hence requiring the cannula’s downwards vertical
rotation downwards as Algo-1 lines 15-16. By contrast, if
dlp→ts > dlp→esp as Fig. 5(b), the cannula-tip’s insertion tra-
jectory is below the target’s 3D position, leading to necessary
upwards vertical rotation as Algo-1 lines 17-18.

It is worth noticing that the cannula approaches the retinal
surface too fast in some situations before reaching the target
point. In order to eliminate the risk of damaging non-ROI
retinal areas, a safety-check step with the highest priority of
execution is needed as lines 7-8 to move the cannula tip away
from the retina by upwards vertical rotation and axial fallback,
which ensures pc and pcs does not overlap.
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IV. EXPERIMENT AND RESULTS

The experiments are divided into two categories: simulation
and model test. For simulation, the automatic motion test is
conducted in a Unity-based simulator to prove the correctness
of our decision-making. A retina model is 3D-printed for the
model test to run the target-approaching algorithm with the
necessary segmentation metrics provided.

A. Simulation

limbus

area

retina
upper 

eye

light 

probe cannula

light 

trocar

cannula 

trocar
light 

probe

target

target’s 

shadow

cannula

cannula

shadow

Fig. 6: The simulator used for our experiment.

1) Setup: As shown in Fig. 6, a Unity-based simulator is
developed by our lab and used to experiment with cannula
navigation towards intraocular targets. During the simulator
development, authentic surgical images are used to synthesize
simulator scenarios, and therefore, realistic surgical scenes
similar to typical surgeries are generated. The light probe is
statically positioned to ensure adequate brightness and correct
shadow shaping. The radius of the simulated spherical eye is
12 mm with a 6mm-radius visible range.

In this experiment, the cannula-target distance is presented
as the performance metric of our target-approaching algorithm.
Meanwhile, the cannula-retina distance is the safety metric to
demonstrate the ability to avoid tissue damage.

Here are the hyperparameters used in the simulation: the
threshold for angle-based alignment σang

align=3◦, the threshold
for distance-based alignment σdis

align=2 pixels, the threshold to
start distance-based alignment σclose=100 pixels, the threshold
to trigger iOCT navigation σapp=15 pixels, the step angle
for rotation ∆V/H=0.5◦ and the step length for zooming
∆R=0.067 mm. The motion steps are tuned in some cases
to avoid stuck movement. Since the simulator can provide the
cannula’s projected tip and orientation vector, the cannula’s
size specification is ignored during the simulation.

TABLE II: Information of generated targets in simulation.

type percent * dis-x * dis-y * dis-z

floating 46.78% 0.60 (3.00) -1.00 (4.71) -9.02 (1.98)

retinal 53.22% -0.02 (5.03) 0.06 (7.08) -11.48 (0.08)

* Axis distribution (mm) consists of mean (variance).

2) Result: During the simulation, we generate 1926 random
intraocular targets with their mean (variance) along each axis
in TABLE II, all targets within the visible range of the retina.
Simulated images are shaped as 1024x1024 pixels.

Fig. 7: The altitude of cannula tip referring to target/retina to
demonstrate the performance/safety of target approaching.

With only one failure, as shown in Fig. 9, and another three
stuck cases with tunable hyperparameters, the final relative
altitude of the cannula tip referring to targets and retina after
approaching is collected together with the vertical distance
from the cannula to the retinal surface in Fig. 7. Their mean
are values presented in Table III.

TABLE III: Cannula tip’s relative altitude (mm).

target type floating retinal

reference target retina target retina

mean 0.0127 2.6161 0.3473 0.3628

As depicted in Fig. 7, when floating targets are focused
on, although the cannula-tip position is distributed around the
target with both higher and lower situations with its average
depth error around 0 mm, the cannula-retina relative altitude
is always larger than 0 mm and within 4 mm, marking that
the cannula tip is always above the retinal surface without
unexpected touching. Similarly, as for retinal targets, the
cannula never touches the retinal surface when approaching
retinal targets. Also, since retinal targets are located on the
retinal surface, the cannula’s relative altitude distributions to
the target and the retina are consistent. Therefore, this relative
altitude distribution shows the safe cannula placement of our
method without damaging the retinal tissue. At the same time,
according to the detailed relative altitude values in Table. III,
the mean value of cannula-target distance along the z-axis
shows that the final cannula-target distance is smaller than 0.5
mm, which proves the feasibility of our image-based target-
approaching method in ophthalmic surgeries. Also, the mean
value of cannula-retina distance along the z-axis larger than
0.1 mm proves our algorithm’s safety by avoiding unexpected
cannula-retina collision, which prevents unnecessary tissue
damage. Thanks to the inspiration of using cannula-shadow
tip collision to predict retina touching in [24], we achieve
damage-free cannula-tip control.

Furthermore, Since the typical scanning diameter of iOCT
is 6 mm, the final approaching errors within 0.8 mm along
both the x-axis and y-axis for both retinal and floating targets
prove that the approaching method in this paper can adequately
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place the cannula tip inside the iOCT’s scanning range for later
micron-level manipulation. Combining this error distribution
in the x-y plane with the relative altitude distribution along the
z-axis (depth) in Fig. 7 and Table. III, the 3D error distribution
proves that our proposed target-approaching method enables
the cannula tip to approach floating and retinal targets within
1 mm and allows the subsequent cannula manipulations such
as insertion and sucking without damaging intraocular tissues.

(a) z-axis trajectory (floating)

(b) z-axis trajectory (retinal)

Fig. 8: The simulated cannula-tip’s trajectory along z axis
(depth) towards the floating and retinal targets, respectively.

Fig. 8 shows the trajectories of approaching two types
of targets along the z-axis (depth) to help understand how
the cannula tip is getting close to the target. As for the
floating target in Fig. 8(a), the cannula first adjusts its ori-
entation towards the target by horizontal rotation between
step-index [0, 200], which does not change the cannula tip’s
depth according to the spherical modeling, and then optimize
the cannula-tip’s depth to approach the target between step-
index [200, 300]. Simultaneously, coordinated axial insertion
and vertical rotation (upwards) help maintain the cannula’s
depth but adjust the shadow’s position until both the cannula
tip and its shadow tip overlap with the target’s.

As for the retinal target in Fig. 8(b), the z-axis (depth) tra-
jectory also follows the predefined step division with the target
overlapped with its shadow on the retina of a 12mm-radius eye.
Similar horizontal alignment and depth optimization are also
achieved in the retinal-target case. However, according to the
depth trajectory, a unique depth fluctuation of the cannula’s
shadow is observed between step-index [300, 460], which is
caused by the emergent retinal-collision avoidance to ensure
that the cannula tip will not damage the retina before surgical
tasks. Afterward, the cannula makes a smooth axial insertion
towards the target to finally approach it. Since floating targets
are consistently above the retinal surface and separated from
their shadows, such collision avoidance does not exist in the

floating-target scenario.

target’s 

shadow

light probe cannula 

(fixed)

cannula’s 

shadow

target’s shadow 

(shifted)

light probe

(re-positioned)

cannula 

(fixed)

cannula’s shadow 

(shifted)

adjust light to separate 

cannula and its shadow

Fig. 9: The problematic case with additional light adjustment.

The case in Fig. 9 shows the navigation failure due to
the visual stacking of the cannula and its shadow. Since the
improper light-tip placement makes plp, pc and pcs almost on
the same line and hence causes the invisible pns and failed
calculation of pesp for trajectory prediction. The method in
[24] shows a potential solution to this challenge: manually
rotating the light probe to separate the cannula and its shadow.
After the target shadow and the cannula shadow are both
visible, the trajectory optimization procedure continues.

B. Model Test

1) Setup: Target-approaching experiments are also con-
ducted on a retina model. Due to the lack of depth-accessible
sensors, this model-based experiment only provides qualitative
effectiveness proof of our shadow-alignment algorithm. The
hardware setup is shown in Fig. 10, which contains a light
probe (left), retina model (bottom), microscope (up), and
cannula mounted on a hybrid-structure robot [26] (right).

This paper uses a Geuder cannula (model G-34285, 23
gauge, typically used in retina treatment) for image seg-
mentation and the subsequent target approaching. An RCM-
compatible actuator listens to the image-based controller for
motion commands and actuates specific motors. For the
simplicity of implementation, a loose robot initialization is
achieved to roughly place the robot under the microscope
without strict hand-eye calibration, which is compensated by
the offset-based control strategy. The cannula’s shadow has
already been activated in the visible area. We define the
following runtime hyper-parameters: the threshold for angle-
based alignment σang

align=10◦, the threshold for distance-based
alignment σdis

align=30 pixels, the threshold to start distance-
based alignment σclose=100 pixels, the threshold to check
object overlapping σapp=45 pixels, step angle for rotation
∆V/H=0.05◦ and step length for insertion ∆R=0.01 mm.

As for the recognition of image components, the light
probe and the target are static objects that can be manually
marked in the image. Also, two types of virtual targets are
abstracted and manually set in the microscope image. The
virtual target and its virtual shadow are overlapped at pixel
[512, 512] for the retinal case and separated as pixels [512, 512]
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and [671, 391] for the floating case in the image. Meanwhile,
since no ground-truth positions of dynamic objects are given
during the experiment, the cannula and its shadow positions
are segmented in each frame as the decision-making input.
Therefore, we train an YOLOv8-lseg model [27] with 158
images, 126 images for training and 32 images for validation.
The segmentation model’s final metrics after training are
available in TABLE. IV running on a hardware combination of
a 6-core CPU and an RTX-A5000 GPU. After segmentation to

eyeball (24 mm)

visible range 

(12 mm)

visible 

circle 

area 

1.61 

mm

microscope (camera)

light 

probe cannula

retina model

(visible part)

hybrid-structure 

robot arm

Fig. 10: The setup for experiments using a robot [26].

obtain the contours of instruments, we model the instrument’s
orientation by the fitted center line of its contour and use the
intersection of the center line and the contour box as the tip
point. This paper considers the segmented result as prior input
data using existing industrial segmentation tools.

2) Result: As a qualitative test, the procedures for ap-
proaching two types of targets are presented in Fig. 11, (a)-
(d) for the retinal target and (e)-(h) for the floating target.
Here, the target (black) and its shadow (black) are overlapped
in the retinal case and are separated in the floating case.
After horizontal alignment, the cannula is controlled with axial
insertion to move the shadow tip towards the target shadow
along the ideal shadow trajectory until the target and cannula
tip overlap, their shadow points as well. With the predefined
approaching threshold σapp=45 pixels, the cannula-target error,
as well as their shadow error, is smaller than 0.9 mm for the
retinal case and 0.837 mm for the floating case in the image
plane (x-y), respectively.

TABLE IV: Training metrics.

Precision Recall mAP50 mAP50-95

0.981 0.985 0.984 0.837

543 epochs in total with batch size 8.

During the model test, a sporadic shifting of the cannula
tip within a small area is observed due to unstable mask gen-
eration during image segmentation. Therefore, segmentation
tools should be continuously updated to prevent instability or
failed segmentation during the proposed shadow utilization.

V. DISCUSSION AND CONCLUSION

This paper tries to loosen the constraint of vertical-only
cannula movement in [24], and unifies the shadow utiliza-

tion for the cannula-trajectory optimization for both floating
and retinal intraocular targets. This shadow-based navigation
concept is tested on a simple 3D-printed retina model, which
only considers the retina’s spherical surface. However, several
factors in real eye surgeries influence the performance of
our shadow-based method, including light-probe positioning,
retina status and microscope imaging, necessitating additional
experiments in a more realistic intraocular environment.

This paper only considers the light probe’s illumination
task to ensure the shadow’s visibility. The proposed method
utilizes the shadow orientation to predict and optimize its
trajectory, which extends the limited usage of shadow tip for
collision avoidance in [24]. Shadow alignment also allows
the target approaching with more practical cannula movements
than vertical-only movement. However, the shadow alignment
requires proper casting of both target and cannula shadows
in the visual range. It also relies on the shadow shaft’s
recognizability and segmentability, except for its tip visibility
along the cannula movement. Such shadow-quality control
is challenging, especially considering complicated intraocular
optical attributes for shadow casting. Therefore, the light
probe’s deterministic role of shaping the shadow brings the
need to develop advanced light-controlling algorithms. Fur-
thermore, the proposed method cannot handle large-range
subretinal hemorrhage and retina deformation that prevents
the extraction of shadow information. Lastly, higher-resolution
CMOS sensors can be mounted on the microscope lens to
increase the pixel granularity for capturing detail features.
Consequently, this paper encourages continuously updating
SOTA segmentation tools to improve the corresponding seg-
mentation precision.
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