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ABSTRACT

Article history:

Teleophthalmology and early screening of retinal diseases become more

Rec§ived 26 June 2026 important in aging societies, leading to higher demand for compact fundus
Revised =3 July 2026 cameras. In lightweight fundus cameras, alignment of the optical axis with the
Accepted 6 July 2026 . ’ g g . i 'g . p ) .
pupil and accurate focusing of the fundus image are crucial for reliable image
acquisition. This study develops a system for automated pupil-position tracking
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and fundus focusing using a portable fundus camera, a motorized stage and a PC.
Pupil tracking is implemented using a YOLO-based detector, and the pupil center
is defined based on the bounding box center. Fundus autofocusing is based on
evaluation of image sharpness metrics under infrared illumination and application
of moving average smoothing with open-loop control. The prototype achieved 15
fps control speed and an optical axis alignment error of approximately 22 pixels,
corresponding to about 121 pm. The final white-light fundus image exhibited a
mere 1.7% metric degradation from the best focus condition.
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Portable
fundus
camera

Z-axis

Fig. 2 System configuration of the auto-tracking and auto-focusing
fundus camera
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Table 1 Hardware components of the proposed system

Component Model Manufacturer
Fundus camera WFC-01 WikiOptics Co., Ltd.
(portable)
Image sensor CU-135 e-con Systems
Motor driver TMC2225 c/

Analog devices

Microcontroller board |Arduino UNO Rev3 Arduino S.r.l.

Single-board computer

Raspberry Pi 4

Model B

Raspberry Pi Ltd

Stepper motor for
coarse positioning

A3K-M244 Autonics corporation

Stepper motor for fine
positioning

GM20A-S2019 Motorbank

(ex: ey)

G, ¥r)
Reference

P

ID — M

Fundus |(x,, v,)

input

Pupil center

>
otor Camera
YOLOv8n }— Image sensor

Fig. 3 Control system block diagram for fundus camera
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Fig. S Bounding box labeling of pupil
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Table 2 Dataset configuration for YOLOv8n training

Dataset Data Setting
in-house 200 images
Data source Kaggle 400 images
Total dataset 600 images
Training 400 images
Data split Validation 100 images
Test 100 images

Data Rotation +10°

augmentation Translation +5% of image size

Table 3 Test performance of the trained YOLOv8n model

Item Performance
Precision 0.9996
Recall 1.0
mAPS0 0.995
mAP50-95 0.921
Mean center detection error 6.0 px
Standard deviation of center detection error 5.9 px
T8 4 918 Aoz wuelg,
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(b) Validation mAP

(a) Box loss
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Epoch Epoch

Fig. 6 Training curves of the proposed pupil detection model
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Fig. 11 Flowchart of the proposed fundus autofocus algorithm
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