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Abstract— In ophthalmic surgeries, the light probe is respon-
sible for providing safe intraocular illumination and ensuring
the visibility of the instrument and its shadow as the only
available reference for qualitative depth estimation and landing
point prediction in fundus microscopic images. To achieve sus-
tainable shadow-based estimation during surgeries, we propose
controlling the light probe automatically to limit the shadow
position around the instrument tip using only 2D information
from the microscope. We also integrate an intensity balancing
sub-module to guarantee the normal intensity distribution
and the safe depth of light-tip placement. Without motor-
based pose coordination between the light probe and the
instrument, experiments analyze the performance of our image-
based shadow maintenance with only image information under
the constraints of RCM and discuss the working volume and
segmentation limitations during simulation and real-robot tests.

I. INTRODUCTION

In ophthalmic surgeries, surgeons coordinate a light probe
and a surgical instrument (i.e., a needle) under a microscope
for intraocular manipulations, as depicted in Fig. 1. During
the surgical procedure, surgeons pivot the light probe to pro-
vide sufficient intraocular illumination and activate essential
visual effects, such as the instrument shadow around the
needle tip, to help estimate the needle-tip depth, predict the
landing point, and adjust the relative position between the
needle and intraocular targets [1]-[6]. Meanwhile, surgeons
prevent the light probe from collisions with the retina and
light toxicity. Therefore, due to its crucial role in providing
intraocular illumination and aiding in needle positioning,
the light probe’s control remains formidable, mainly when
relying solely on 2D information from the microscope.

Recently, novel imaging modalities, such as intraoperative
Optical Coherence Tomography (iOCT), have been intro-
duced for surgeons’ intraocular 3D perception during eye
surgeries [7]-[13]. However, their deployment is limited to
specific interventions such as subretinal injection, where its
3D perception supplants the light probe within the surgical
region of interest (ROI). Other research proposes using laser-
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and structured light-based probes to cast visual target indi-
cators on the retina for needle navigation [14]-[17], which
sacrifices the light probe’s illumination and shadow-casting
functions and requires additional safety-concerned modalities
like force sensors. Thus, despite the emergence of alternative
probes, the traditional light probe retains its indispensability,
and its automated control methods bridge the gap between
manual and fully automated ophthalmic surgical procedures.

Fig. 1: A typical setup of ophthalmic surgeries.

As for automatic light-probe control, most existing meth-
ods establish a universal robotic framework to achieve the
light probe and the needle’s cooperation within the same
coordinate system [18]-[20]. Consequently, they obtain the
pose transformation matrix using real-time kinematic data
from motor encoders in a universal coordinate. However,
such fully-automated robot-assisted surgeries require much
priors, such as two-robot calibration and coordination, which
is not suitable for the current manual manipulations that
rarely provide simultaneous instrument poses. Therefore,
solutions are needed to compensate for the compatibility
of automatic light-probe control with manually controlled
instruments in the current surgical context.

Addressing the concerns above, we propose using the
shadow position to drive the light probe’s automatic shadow
maintenance in a 12mm-radius eyeball model. This paper
analyzes the relative light-needle position to define the light
probe’s limited position range for shadow maintenance. This
method also balances the light intensity of ROI areas to
avoid light toxicity and tissue damage. Experiment results
show the procedure of adjusting shadow and distributing
light intensities. The contributions of this paper are listed: 1)
an image-only shadow-maintenance method; 2) integration
of intensity balance to avoid retina damage; 3) safety and
working-volume analysis.

7219



II. METHOD
A. Basics

Assume that all surgical components, including light-probe
tip pitip, needle tipppiip, and shadow tip psysp, are visible
within the retina area. The microscope-eyeball alignment also
holds during the surgery. In this paper, the default control
parameters for 512x512 microscope frames can be scaled
and fine-tuned for other image sizes.

In ophthalmic surgery, as insertion tunnels for instruments,
trocars become the center of all instrument movements,
forming the remote center of motion (RCM) principle within
a spherical coordinate system. This principle allows for three
fundamental instrument motion candidates: vertical rotation
(polar, VRCM), horizontal rotation (azimuthal, HRCM), and
axial insertion (radius, ZOOM), as presented in Fig. 2(a)-(c).
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Fig. 2: The light probe’s RCM motion candidates.

Furthermore, the combination of fundamental motions can
generate other particular instrument-tip trajectories. Assume
that the VRCM is aligned inside the vertical plane without
horizontal deviation. Since VRCM motion causes visual
changes in axial length, ZOOM is needed to compensate
for the insertion length to fix the needle tip around the target
planar point (i.e., UPDW-up from VRCM-up plus ZOOM-
out as depicted in Fig. 2(d)). Forward exploration movement
(FOWD), as in Fig. 2(e), is also a combination of VRCM and
ZOOM. Meanwhile, FOWD enlarges the axial change caused
by VRCM by ZOOM in the same direction of deviation (i.e.,
FOWD-up from VRCM-up plus ZOOM-in). Then, we use
the five motion candidates in Fig. 2 to actuate the light probe.

B. Depth for Shadowing

According to the principle of shadowing, the light-probe
tip Piesp, the needle tip ppyip, and its shadow tip psisp are
on the same line in the 3D space, which determines a plane
that encompasses this line and is perpendicular to the imag-
ing plane, as shown in Fig. 3. Considering an undistorted
intraocular image with ideal liquid density distribution, this
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Fig. 3: In the shadowing plane that is perpendicular to
the imaging plane, the light probe tip’s horizontal level
determines the projected shadow-tip position on the retina
in the imaging plane (x-y plane).

light-instrument-shadow line holds in the image, which is an
assumption of this paper.

The light path from the light-probe tip to the shadow tip
intersects the needle tip’s horizontal level, making the angle
0 as Equation (1). p™¥ is the projection of p in the x-y plane.

Ay = \/(pltip'x

— Pntip-®)? + (Pitip-Y — Pntip-Y)?

A, = Pitip-2 — Pntip-? (1)
0 = atan( A )
= A,

Then, the light-probe tip’s movement and the corresponding
shadow-tip variation on the retina can be described by 6 in
the image and the 3D space.

b 0 T Ditip-2 T and hm”pntzp

° 9 \I/ Ditip-= \I/ and hm||pnt7p pet?pH

Meanwhile, the eyeball shape (radius r.,.) and the shadow
tip’s visible range (radius r,;s) bounds the light probe’s
vertical position. As for the light-eyeball collision, the light-
probe tip should obey Equation (2).

Ditip- le/he - :l:\/

As for shadow visibility, the light-probe tip’s lowest position
follows Equation (3) where py;;, is at the visible edge.

pstsz —0
2% Teye.

— Ditip- x? — Ditip- y (2)

— 2 2
Tvis = \/pstip-x + Dstip-Y

g— atan(M) 3)

||pntzp pstzp H

DPitip- Z = DPntip-% + tan( ) ||plt1p pntzp”

Furthermore, the light-probe tip should also obey Equa-
tion (4) to avoid needle-shadow visual overlapping.

min

Crstinntip = ”pstzp pntzp”
é — atan(pntzp -2 — Pstip-% ) (4)
|| ntzp pstzp”
pltip-zhs = Pntip-2 + tan(f ) letzp pntzp”

Overall, the position boundary of the light-probe tip
should obey Equation (5). However, the eye-based bounds
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Pieip-2/ "¢ have the highest priority during surgeries to avoid
tissue damage.
high . h h
Pitip-2""" = min(putip.2"°, Prtip-2"¢)

l l l
Pitip-2 o= max(pltip~z Sapltipvz e)

(&)

Considering the light probe’s cone-shaped light range, the
shadow should form an apparent contrast against the lighted
retina for visual recognition and segmentation. The local
tissue deformation around the trocar also limits the light-
probe rotation. Although these considerations need future
thorough discussion, we only update (5) to position the light
probe in this paper for shadow placement.

C. Shadow Placement

This paper achieves the light probe’s control task by
limiting the visible shadow tip pg, within the desired
shadow area around the visible needle tip pp¢ip, as shown
in Fig. 4 with the used parameters listed in Table I.
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Fig. 4: The area division during the proposed shadow place-
ment (radius 7,;s = 6 mm).

This shadow placement contains two steps: horizontal
alignment and vertical maintenance. The horizontal align-
ment is to horizontally rotate the light probe to make
its projected orientation toward the needle tip within the
angle threshold 04;¢,. The shadow position is acceptable
sporadically, even if the light-probe orientation (direction
of casting light) is not towards the needle. However, the
potential improper distribution of light on the retina makes
the shadow area too dark to extract the tip. Therefore,
horizontal alignment allows a coarse-grained value tuning
of 0align~

The next step vertical maintenance is to position the
shadow tip within the desired shadow area around the needle
tip. By replacing 7,;s in (3) with a maximal threshold
Otipontips an outer limit edge, as marked in Fig. 4, is
defined to ensure that the shadow tip is around the needle
tip for estimating the needle tip’s landing point on the
retina. Accordingly, the shadow-based lower bound pltip.zls

TABLE I: Planar Parameters for Shadow Placement

variable function value

Oalign horizontal alignment 10.0°
I iy | Minimal digipongip | 20 pixels
Olpipontip | Maximal digipontip | 300 pixels
o ntip | Minimal dstipontip | 10 pixels
O ipantip | Maximal dstipontip | 100 pixels

in Equation (5) is also updated. Meanwhile, overlapping the
needle tip py;p and its shadow tip pgts, may cause a visual
needle-shadow intersection before the needle tip touches the
retina. Therefore, the threshold ag’;}g%tip defines the inner
limit edge in Fig. 4 to keep pgp slightly deviated from p,,¢4;,
allowing additional space to check the needle-retina distance
manually, as described by (4).

As depicted in Fig. 4, the needle’s center line ,,4;, divides
the visible retina area into two parts: A; as the range of
pueip and A, as the range of pgyip. Piip € Ai maintains its
distance from ppip as ditipontip € [al’%"gmip, aﬁi‘gntw] after
the horizontal alignment, which guarantees no light-needle
collision during the shadow placement procedure.

The overall shadow placement is presented in Algo-
rithm 1. ¢, is the light-probe orientation vector, and

Algorithm 1 Shadow Placement

0 = intersec(Tisip, Vitip2ntip)
if ||9|| > Galign then HRCM(0, Agrenm)
else
dltip2ntip = dis(pltip’ pntip)
if divipantip < Ofpn, then FOWD(ASSE, 1)
elif dltinntip > Ulrgitzl)gntip then FOWD(A?I)OWD)
else
if psiip not visible then UPDW(AY5 Hu)
else
dstip?ntip = dis(pstipa pntip)
if dstipontip > a;’;fp””zmip then UPDW(A’,}’}D pw)
then UPDW(A{own )

. . . min
elif dstzp2ntzp < Ustip2ntl'p

else IntensityBalance()

Upipatip 1S the direction vector from the light-probe tip
toward the needle tip. A%",. is the step angle/length of
a motion along the given direction. This control procedure
should be paused with manual intervention when the light-
probe tip disappears in the visible range. Function Intensity-

Balance() is described in the next section.

D. Balance of Intensity

With an acceptable shadow position, the light-probe tip
risks damaging the retina by light toxicity [21] and potential
collision. In this case, the light probe shapes a small retinal
area with over-strong light intensity around the light-probe
tip while making the rest area too dark. Therefore, it is
necessary to keep the distance between the light probe
and the retina within a reasonable range [22]. Therefore, a
intensity balance algorithm is adopted, as shown in Fig. 5.
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Considering the lighting path l;;p24tip from pygip t0 Derip, We
define the area around a tip along lj+;pontip With radius oro;
as the ROI of measuring and balancing light intensities.

= light direction
" ROI of intensity

ROI for calculation
® ROI center
—> direction to find center

Fig. 5: The ROI areas for intensity calculation and balancing.

TABLE II: Parameters for Intensity Balance

variable function value
OROI radius of ROI for intensity 30 pixels
al”ﬁ;z maximal intensity Iy, 170
Ogap maximal intensity gap between ROIs 20

Ideally, we calculate the average light intensity of the
ROI area after RGB-grayscale conversion using parameters
in Table II. We replace the circle ROI with its circumscribed
square to simplify coding. After obtaining the light-probe
tip’s ROI intensity I;;;, and the shadow tip’s ROI intensity
I4ip, intensity balancing, as presented in Algorithm 2, runs
to ensure:

o Iiip <= oy," to avoid collision and toxicity.

o abs(Iip — Lsiip) <= 0g4qp to generate clearer shadows.

Algorithm 2 Intensity Balance

Itip o —
pcctanter = Pitip + OROI * Ultip2stip
sty -
pcerfter = DPstip — O'Rg_f * Ultip2stip
Inyip = GetAverage(pcerZter, oRrROI)
St
Itip = GetAverage(pl,,ty.,, OROT)
. u
if I;1;p > of}" then UPDW(A o pi)
else
if | Liip — Lstipll > Ogap
if Iiip < Lstip J:Il)len VRCM(Afewr, )
else VRCM(A /)
else WaitForNextFrame()

Function GetAverage() obtains the average grayscale in-
tensity of the ROI area defined by peenter and ogror.
The VRCM rotation is adopted to optimize the intensity
distribution along the light-shadow segment.

III. SIMULATION AND ANALYSIS
A. Simulation Test

1) Setup: We use a private Unity-based simulator, as
shown in Fig. 6, to generate microscope frames (512x512

pixels at 50 fps) and corresponding ground-truth position
data (pitip, Pntip> Dstip and light orientation @p;p). The

light

light

trocar O trocar

retina A

Fig. 6: The simulator for performance assessment.

step angle rotation and the step translational movement
are 0.5° and ~0.067 mm, respectively. The needle’s tro-
car is at [4.5,8.0,8.0] while the light probe’s trocar is
installed at 4 positions: [8.0,—4.5,8.0], [4.68,—7.90, 8.0],
[0.10,—9.18,8.0], [—4.5, —8.0, 8.0]. By connecting the tro-
car with the planar eye center, two lines of two trocars to
the center form a list of angles [90.0,120.0,150.0, 180.0]
(degrees). These angles help analyze which trocar installation
position should be selected to ensure successful shadow
maintenance within a specific retina area.

ighest surfaces
[-3.0, 3.0] #h s .
—— s ' 0.4

mm - ",;

Lp -

S
L aE
50 s ;

lowest surfac = —10
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-11
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Fig. 7: The design of processing rasterized needle tips.

We mainly test the 6x6 mm? square center area as the
common area of targets in eye surgery. In the planar xy
plane, we rasterize the above-retina area ([—3.0, 3.0] along x-
/y-axis) into 13x13 points with granularity A/, = 0.5 mm,
as shown in Fig. 7. As for the z-axis, we generate 5 above-
retina points with granularity A, = 0.4 mm and distance
[0.4,0.8,...,2.0]. Then, the above-retina space is rasterized
into 845 points to place the needle tip. This paper only
considers the shadow-based tool-retina distance maintenance,
and hence, analyzes a 2.0-mm distance from the retina. Once
the needle tip goes higher than 2.0 mm from the retina, it is
regarded as a safe procedure of instrument navigation without
concerns of safe distance maintenance. During simulation,
the following cases are considered failures: 1) no success
feedback from the controller after 5-second running; 2)
distance ditiparetina < 2.0 mm; 3) distance ditipontip < 2.0
mm.

Using the above-mentioned setup, we manually put the
needle tip at each rasterized point, and automatically control
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the light probe using the proposed algorithms in a RCM-
compatible environment.

2) Results: The successful ratio distributions in all height
levels with different trocar angles are presented in Fig. 8.
During simulation, the failures in each above-retina height
are symmetrically distributed along the diagonal due to the
symmetric spherical surface of the retina.

2

(2) 90°:04  (b) 0.8 (© 12 @ 1.6 (e) 2.0
n ‘ n
(f) 120°:0.4 (g) 0.8 (h) 1.2 i) 1.6 (j) 2.0
LS
Lo
(k) 150°:0.4 (1) 0.8 (m) 1.2 () 1.6 (0) 2.0
E-‘.ﬁl .
p) 180°:0.4 (q) 0.8 (r) 1.2 (s) 1.6 (t) 2.0

Fig. 8: The result of needle-tip points in all above-retina
heights of different trocar placement angles (red is failure).

For a given trocar installation angle, the success ratio
increases when the needle tip gets further from the retinal
surface. According to Equation (5), when the light-probe tip
moves a unit distance, the shadow tip’s planar deviation is
smaller when the needle tip is closer to the retina. When
the needle tip is closer to the retina in the range [0.4,2.0], it
requires more vertical distances for the light probe to separate
the projected shadow tip from its needle tip. This required z-
axis movement makes the light probe approach to the retina
too fast, which may cause light-retina collision risk and light
toxicity.

For a given above-retina height, the success ratio decreases
as the trocar intersection angle increases from 90° to 180.0°.
When two instruments make an orthogonal orientation in-
tersection, the shadow is cast along the light path as the
fastest planar direction for needle-shadow separation. By
contrast, when two trocars form almost 180°, it is easy for
the instruments to share the same center line, casting the
shadow beneath the needle shaft. This visual needle-shadow
overlapping requires the light probe’s horizontal alignment
instead of vertical movements to finish the visual separation,
as discussed in [18]. However, the horizontal alignment
moves the light-probe orientation away from the needle tip,
leading to weaker intensity distribution along the light-needle
path lj4pontip and hence the difficulty of shadow recognition.

Combining the analysis above, we find that 90° surpasses
other trocar angles to obtain a higher success ratio and a
larger vertical range of shadow maintenance using the current
hyper-parameters. This trocar angle can be further analyzed
by adopting smaller angle granularities. We also observed the
conflict between shadow maintenance and intensity balance
during the execution, which caused a timeout (10 seconds
for each target) and, consequently, failure. For example,
the competition between FOWD-down (for reducing light-
needle distance) and VRCM-down (for balancing intensity)
keeps the light probe’s tip swinging at the border distance
Oltipontip- Such types of failures should be resolved by
assigning reasonable execution priorities to the shadow main-
tenance and intensity balance and dynamically tuning the
distance thresholds in the future.

We also collect the distances among the light-probe tip,
the needle tip, and the retina surface, as presented in Fig. 9,
to illustrate the safety of automatic shadow maintenance.
As for the light-needle distances in Fig. 9(a)-(d), the main
distribution is located around 10 mm, which is safe for light-
needle coordination. The distances in successful cases are
> 6 mm, while there are still failure cases to have risky
distances within [0.0, 1.0] mm. These improper distances are
monitored by the robot and the surgeon for necessary inter-
ruption of automatic control during the surgery. As for the
light-retina distances in Fig. 9(e)-(h), the main distribution is
also located around 10 mm, which avoids collision and tissue
damage. However, in the case of 180° trocar intersection
angle, there are a noticeable amount of failures, as shown
in Fig. 9(h), with the risk of dangerous light-retina distance
(within [0.0, 2.0] mm) or unexpected collisions, making 180°
not recommended to be the trocar installation angle within
the context of current parameters.

TABLE III: Vertical Working Volume (Polar Angle)

Trocar Angle Min Max Range
90° 149.35 | 165.35 16.00
120° 150.36 | 165.86 15.50
150° 151.38 | 162.88 11.50
180° 145.85 | 165.85 | 20.00

The corresponding working volume represented by the
light probe’s polar angle in the vertical plane is listed in
Table III for all target needle-tip points. The current hyper-
parameters generate a range of [10.0°,20.0°] varying along
with the trocar intersection angle. The required vertical
working volume provides a reference for the robot design
in the vertical RCM plane. It also helps determine the initial
pose of the light probe to cover both upward and downward
VRCM rotations, which is meaningful for future research on
deploying the robot controller in the surgical room.

B. Robot Test

Using a 3-DoF robot to control the light probe, as pre-
sented in Fig. 10, a simple qualitative test on an open-sky
eye phantom illustrates the procedure of shadow maintenance
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Fig. 9: The distances between objects with different trocar placement angles.

without precise trocar fixation on the phantom. Despite
external light factors, the light probe’s solid illumination
is still the dominant source to shape instrument shadows.
We directly consider the last three joints (ds, t4, and ds)
to verify the method only in the vertical plane, which is
compatible with the motion features of shadow maintenance
and intensity balance. The theoretical range of RCM rotation
in the vertical plane is around [—9.0°,9.0°] to cover 18°.

microscope

Fig. 10: The hardware setup for qualitative test.
TABLE IV: Segmentation Metrics

(a) UPDW-1. (b) UPDW-2. (c) UPDW-3.

(d) UPDW-4.

(e) UPDW-5. (f) Error.

Fig. 11: The runtime procedure of shadow-maintenance by
UPDW motion using a 3DoF robot.

gradually moves closer to the needle tip (green) based on the
prior orientation alignment. Simultaneously, the decrease of
strong light intensity around the light-probe tip (red circle
area) can be clearly recognized, generating a more uniform
light distribution between the light-probe tip and the shadow

Model Num (Train) | Num (Valid) Batch
Yolov8l-seg 149 37 16
Epoch Precision mAP50 mAP50-95
291 0.9858 0.9829 0.6429

tip. However, the segmentation error in Fig. 11(f) leads to
an emergency pause of the light probe control to avoid
tissue damage, which emphasizes the necessity of enhancing
segmentation for more accurate and precise segmentation

We simply test the shadow-maintenance concept with
the procedure depicted in Fig. 11 using YOLOv8 [23] as
the segmentation tool. The training information is listed in
Table IV, which demonstrates a prior segmentation precision
before subsequent tool orientation and tip extraction in this
experiment. In practical surgery scenarios, a higher segmen-
tation precision is a necessity for the deployment of such
image-guided control algorithms. Due to the limitation of
the actuator, we manually ensure the horizontal alignment.
Considering the instability of segmentation, we enlarge the
threshold 6,;:4», = 10.0 to keep the horizontal orientation.

As shown from Fig. 11(a)-(e), by conducting the UPDW-
up motion on the light probe (yellow), the shadow tip (red)

results and subsequent image-based control methods.

IV. DISCUSSION AND CONCLUSION

This paper aims to maintain the visibility of essential
visual components in the microscope for a safe tool-retina
interaction and tests this concept using simulation and open-
sky eyes. Instead of requiring function execution throughout
the surgery, this paper provides an area of placing the shadow
and still allows for manipulation tasks by temporarily holding
the light static according to surgeons’ simultaneous schedule,
which prevents interfering human decisioning. Meanwhile,
this method is still challenged by three major problems:
1) real-surgery image processing, 2) module scheduling
priorities, and 3) control frequency bounding.
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In actual vitreoretinal surgeries, image segmentation
should be accurate and precise for object extraction and
subsequent tool navigation, which is still a challenging task
and requires human supervision and intervention. Also, the
rotated eyeball posture will influence the illumination and the
extraction of geometrical information, leading to a limited
retinal ROI in this paper. Next, improper module priority
also creates deadlocks of controlling logic, which causes the
light probe’s oscillation and generates unstable shadow tips
on the retina to interfere with surgeons’ decisions with a
static needle tip. Furthermore, we only test the performance
of shadow maintenance for static needle-tip points with 20-
50 Hz frame processing (including image segmentation on
an RTX A5000 card). It is critical to bound the control
frequency of the light probe to ensure that the shadow-
maintenance result can be generated and kept in time when
the needle tip moves continuously inside the eye. Last, the
performance of shadow maintenance is heavily bonded with
the trocar position and target retina areas, which requires
more detailed analysis in real eyes.

In conclusion, automatic light-probe control is promising
but challenging for enhancing surgical automation, especially
with the expensive cost of introducing additional robot arms.
With the motivation of less prior acquisition (i.e., real-time
instrument pose) during surgeries, we will continue improv-
ing image-based shadow maintenance and light-instrument
coordination in more realistic environments.
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