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Abstract Objective The widespread adoption of portable fundus cameras for primary care and community screening is
hindered by limitations in current autofocus(AF) technologies. Image-based methods relying on sharpness evaluation require
iterative searches, resulting in slow convergence, while projection-based techniques are susceptible to optical artifacts and calibration
errors. To address these challenges, this study introduces a novel AF system based on direct wavefront sensing, designed to deliver
simultaneous high speed, high precision, and operational robustness within the compact form factor essential for portable ophthalmic
devices. Methods Our approach fundamentally reimagines the AF process by directly measuring the ocular wavefront aberration.

We developed a custom portable fundus camera integrating a miniaturized Shack-Hartmann wavefront sensor (SHWS) into the
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optical path. An 850 nm laser diode projects a point source onto the retina via oblique illumination to minimize corneal reflections.
Light scattered from this spot carries the eye’s refractive error through the imaging optics and is directed to the SHWS, positioned at
a plane optically conjugate to the primary color CMOS imaging sensor. A microlens array within the SHWS samples the incident
wavefront, generating a pattern of focal spots on a CCD. Real-time centroid analysis of these spots provides a map of local wavefront
slopes. These measurements are processed through a singular value decomposition (SVD) algorithm to fit a Zernike polynomial basis
set, enabling real-time reconstruction of the wavefront phase. The defocus component (S) is extracted from the second-order Zernike
coefficients, providing a direct, quantitative measure of the refractive error in diopters. This value serves as a precise error signal in a
closed-loop control system, which commands a voice-coil actuated focusing lens to its null position in a single, deterministic step,
eliminating the need for iterative search algorithms. Results Comprehensive evaluation demonstrated the system’s high
performance. Testing on a calibrated model eye (OEMI-7) established a highly linear relationship between the computed defocus S
and the focusing lens position across a +20 Diopter (D) compensation range, achievable within a 5 mm mechanical travel. The
system achieved a focusing precision of 0.08 D, corresponding to an 18-fold improvement over a conventional projection spot-size
method tested under identical conditions. The total focus acquisition time, encompassing wavefront measurement, computation, and
lens actuation, averaged under 0.5 s. Clinical validation with 25 human volunteers (50 eyes, refractive range —15 D to +10 D)
confirmed practical efficacy. The wavefront-sensing AF succeeded in 92% of attempts with a mean time of 0.5 s, substantially
outperforming a projection-based benchmark which achieved only a 32% success rate with an average time of 4.25 s. The system
provided instantaneous directional guidance and maintained stability during minor ocular movements. Objective assessment of image
quality, via amplitude contrast of retinal vasculature, showed consistent and significant enhancement following AF correction across
the entire tested diopter range. Conclusion This work successfully implements and validates a direct wavefront-sensing autofocus
paradigm for portable fundus cameras. By directly quantifying and compensating for the optical defocus aberration, this method
bypasses the fundamental limitations of image-processing and projection-based techniques, enabling rapid, precise, and deterministic
diopter compensation. The developed system delivers an exceptional combination of a wide operational range (£20 D), high
accuracy (0.08 D), fast convergence (0.5 s), and a compact physical footprint. This technology provides a practical and high-
performance focusing solution capable of enhancing the reliability, throughput, and diagnostic utility of portable retinal imaging in
large-scale screening applications. Future efforts will be directed towards system cost optimization and performance adaptation for

diverse ocular conditions.
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tables!”!
reduce computational load but are sensitive to

Portable fundus cameras are increasingly used illumination with pre-computed lookup

for large-scale screening in the community due to

their compact size, ease of operation, and low cost. calibration errors and individual variations. Projection-

However, to keep costs down, these devices often
employ rolling-shutter cameras that demand fast
capability.  Consequently,
performance relies heavily on the accuracy and speed

autofocus imaging
of the autofocus system!'™),

Early portable fundus cameras required manual
adjustment, where operators subjectively assessed
vessel clarity in near-infrared images'*”!. This method
suffers from poor repeatability and low accuracy.
Several autofocus strategies have been developed to
address these issues, yet each has notable limitations.
Image processing-based techniques, such as coarse-to-

fine sharpness evaluation!®”

and adaptive focus
windows!®, rely on iterative searches that slow down

the focusing process. Methods using dual-wavelength

based approaches, including structured illumination
with rings""” or oblique beams!'!), are vulnerable to
diffraction artifacts and stray light, which compromise
reliability and accuracy. Overall, existing solutions
have difficulty simultaneously optimizing speed,
precision, and system complexity, which impedes
progress in portable fundus imaging.

Optical wavefront sensing has emerged as a
promising  alternative. =~ The  Shack-Hartmann
wavefront sensor (SHWS) is well established for
measuring ocular aberrations and refractive errort'*",
For example, in adaptive optics scanning laser
ophthalmoscopy, the SHWS enables high-resolution
imaging by quantifying ocular wavefront aberrations
in real time and performing dynamic compensation
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with a deformable mirror. Similarly, in focus-tunable
adaptive optics
systems, integrated configurations of Badal optics,
deformable mirrors, and SHWS have been used to
low-order

scanning laser fundus imaging

automatically correct ocular
aberrations!'*'®l. In high-order adaptive optics (AO)
fundus imaging systems, Li et al.'"”! designed an AO
fundus camera that includes a step where the human
eye is induced to focus on a visual target to
compensate for primary aberrations. However, such
systems typically integrate complex and expensive
optical components, such as deformable mirrors,
aiming to achieve cellular-level ultra-high-resolution
imaging. The system’s complexity, size, and cost
make it unsuitable for portable, fast, and low-cost
screening-oriented fundus cameras.

In this work, we propose a wavefront-based
autofocus method specifically designed for portable
fundus cameras. A miniaturized SHWS with an
integrated collimating lens is embedded in the
imaging path, allowing direct measurement of
wavefront from retinal. The degree of defocus is
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quantitatively determined by Zernike polynomial and
used to drive a focusing lens in a closed-loop manner.
This approach eliminates the need for image-quality
evaluation, projection-based calibration, or intensive
show  that
the system provides +20 Diopter (D) of refractive

computation. Experimental  results
compensation over a 5 mm focusing range, with an
accuracy of 0.08 D and full focus acquisition in under
500 ms. Furthermore, the sign of defocus provides
which  further

enhances focusing efficiency. By integrating high

immediate directional guidance,
precision, high speed, and a compact design, the
proposed system offers a practical solution for

automated imaging in portable fundus cameras.
1 Layout of optical system

Figure 1 presents the optical layout of the
proposed portable fundus camera, which combines
fundus imaging with wavefront-based autofocus in a
compact configuration. The system comprises two
main functional modules: the fundus imaging module
and the autofocus module.

Projection lens

I — \ .
Beamsplitterzﬁ___®:0:q:>q 850 nm light source

SHWS

Collimating lens

Conjugate imaging focus

Cube beam
splitter

Post-image
objective

Fig.1 Optical system for a compact fundus camera based on wavefront detection

The fundus imaging module comprises an
illumination path and an imaging path. In the
illumination path, light from four white-light LEDs is
linearly polarized, directed through a beam splitter
and an eyepiece, and forms 4 discrete entrance pupils
at the pupil plane to uniformly illuminate the retina.
The returning light reflected from the fundus travels
back along the imaging path, passes through a
focusing lens and a rear objective group, and is then
transmitted by a dichroic prism to form a

retinal image on a complementary

metal-oxide-semiconductor (CMOS) sensor.

The autofocus module comprises a projection
path and a wavefront sensing path. In the projection
path, an 850 nm laser diode is collimated and directed
obliquely into the eye through a projection lens and
the eyepiece, generating a point source on the retina.
Diffusely reflected light from this spot is collected by
the imaging optics, reflected off the dichroic prism,
and converged to a conjugate focal point relative to
the CMOS plane. This beam subsequently enters the
wavefront sensing path, where a spot array is
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produced for wavefront analysis.
2 Principles of auto—focusing via

wavefront detection

When the reflected retinal light is focused on the
CMOS, the conjugate wavefront approximates a plane
wave, producing a uniform and regular spot pattern on
the SHWS (A Geometrically
represented as a plane wave (A in Figure 2c).

in Figure 2a),

(2)
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Conversely, under defocused conditions, the
wavefront becomes aberrated, resulting in an irregular
and dispersed spot distribution (B in Figure 2a),
geometrically represented as a convex wave (B in
Figure 2c). The system is designed to correct the
aberrated wavefront (B) toward the planar reference
state (A), thereby providing a quantitative measure for
determining the required displacement of the focusing

lens.

(®)
CCD

Microlens array

Fig. 2 Principles of auto—focusing via wavefront detection

(a) Lattice distribution of parallel wavefront A and defocused wavefront B on the sensor; (b) geometric relationship between the wavefront and CCD

under a single microlens; (c) wavefront reconstruction map of parallel wavefront A and defocused wavefront B.

The wavefront aberration W(x,y) between states
A and B can be expanded as:

W(ey)= Sz (xy) 0

where n is the total number of Zernike terms,
Z,(x,y) denotes the ith Zernike polynomial™), and «,
represents the corresponding Zernike coefficient. The
Zernike polynomials are presented in Table SI.
According to the geometric principle illustrated in
Figure 2b, the wavefront slope can therefore be
expressed as the ratio of the centroid displacement to
the focal length, which also equals to the partial
derivative of the wavefront aberration:

o BizzociZ,.(x,y)

f 0x @)
51: GizociZ[(x,y)

S dy

where ox and 8y are the centroid displacements of the
spot in the x- and y-directions, respectively, and f is
the focal length of an individual microlens.

For a microlens array with m subapertures, the
relationship between the measured wavefront slopes
and the Zernike coefficients (using the first N terms)
can be written in matrix form as:
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This relationship can be expressed in the
simplified form G = Z - C, where G denotes the slope
matrix derived from the measured spot pattern, and C
is the vector of Zernike coefficient. The generalized
inverse Z* of matrix Z is obtained via singular value
decomposition (SVD) !, The minimal-norm solution
for C in the least-squares sense is then given by:

C=7"-6 4

The wavefront can subsequently be reconstructed
using Equation (1). Finally, based on the definition of
Zernike aberrations, the wavefront defocus S is
Zernike

from  the second-order

[22].

calculated
coefficients

438 276

R
where ¢, ¢;%, and c¢; are the second-order Zernike
coefficients representing defocus, tilt astigmatism, and

45° astigmatism, respectively, and R is the pupil

S =

radius. The quantity S quantifies the defocus
component of the wavefront aberration and provides a

quantitative reference for defocus compensation.
3 Optical design and system

Figure 3a shows the overall optical layout of the
proposed fundus camera. To implement wavefront-
based autofocus while ensuring consistent imaging
performance between the white-light and near-
infrared (NIR)
configuration is employed.

channels, an internal focusing

As indicated in Figure 3b, the modulation
transfer function (MTF) of the white-light channel
exceeds 0.2 at 145 Ip/mm across all field positions.
The NIR channel achieves comparable performance,
with its MTF also surpassing 0.2 at the same spatial
frequency (Figure 3c), thereby ensuring an accurate

transfer of the NIR-determined focus to the white-

This design offers a large receiving area while
maintaining high spatial resolution for wavefront
sampling. A collimating lens with a 27 mm focal
length generates a collimated beam approximately
5.5 mm in diameter, which fully covers the microlens
aperture and supplies well-collimated illumination to
the CMOS conjugate plane.

A 5-megapixel Magnum MI5100 CCD with a
1/2.5-inch optical format was used as the wavefront
detector. Mounted on a 32 mmx32 mm camera board,
it provided high-resolution spot imaging in a compact
footprint.

Key design parameters of the finalized system
are summarized in Table 1. The optical system has a
total track length of 190mm, a 53¢ field of view, and a
diopter compensation range of £20 D. With an MTF
value exceeding 0.3 at 145 lp/mm, the system meets
the performance requirements for portable fundus
camera applications.

Following the proposed system architecture and
design principles, a prototype fundus camera was
constructed for experimental validation. As shown in
Figure 4, the prototype measures 90 mm in height and
2304 mm in
requirements for clinical screening use.

length, satisfying the portability

4 Experimental results

4.1 Model experiments

A calibration curve relating the defocus value §
to the focusing lens position was first established
using an ocular model (OEMI-7-Ocular, Ocula-
Model) ! which closely replicates human eye
anatomy and optics.

The imaging path was initially adjusted to
maximize vascular contrast, producing a clear fundus

image (Figure 5a). In this focused state, the retinal
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Fig. 3 Results of the fundus camera optical system design based on wavefront detection
(a) Final structure of the system optical design. (b) Modulation transfer function of white light imaging in each field of view. (c) Modulation transfer
function of infrared imaging in each field of view. (d) Modulation transfer function of the projection optical path. (¢) Point diagram of the projection

path.

Table 1 Fundus camera design specifications

Parameter Value
Overall length/mm 190
Field of view/(°) 53
Entrance pupil diameter/mm 2
Wavelength/nm 436 - 656/850
Diopter range/D -20-+20
Modulation transfer function @145 lp/mm =0.2

projection spot was sharply formed on the CMOS,
yielding a regular spot array on the SHWS (Figure 5al)
that corresponded to a planar reference wavefront
(Figure 5a2) with §=0.04 D (in practice, the measured
wavefront is influenced by multiple factors and its
defocus value rarely reaches zero). When the system
was defocused (Figure 5b), the spot array shifted
and the

noticeably (Figure 5bl), reconstructed
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Fig. 4 Fundus camera optical system based on wavefront detection

wavefront became distorted with $=2.6D (Figure 5b2).

By moving the focusing lens continuously, a
variation curve of S versus lens position was obtained,
as shown by the red points in Figure 5c. The data
exhibit a strong linear correlation, with a coefficient
of 0.993 9. This linear and monotonic relationship
enables fast, automatic focusing based on the defocus
value S. Given a lens stepping precision of 0.01 mm,
the corresponding refractive focusing precision is
0.08D.

For comparison, method,
represented by the black points in Figure Sc, derived

the conventional

from the projection spot size, suffers from a flat zone
near the focus, resulting in a positioning precision of
only 0.18 mm (refractive precision: 1.44 D). Thus, the
method
precision by a factor of 18. Additionally, the sign of S

proposed wavefront improves focusing
directly indicates the direction of adjustment. The
system (with 17-13620H processor) calculates a single-
frame image within 10ms, including centroid
detection, Zernike fitting, and focus-step calculation.
With a 40 ms image acquisition time per frame, it
typically converges within 5-9 frames, resulting in a
total focusing time under 500 ms, demonstrating high-
speed autofocus capability.

To assess the performance across various
refractive states, trial lenses ranging from -20 D to
+20D (in 10D increments) were placed in front of the
camera. Figure 5d presents the resulting unfocused
fundus images under these refractive conditions. The
short horizontal line indicates the selection of a region
crossing the same retinal blood vessel and its adjacent
background area for intensity value analysis. After

obtaining the intensity profile curve (shown in the

lower right corner), the amplitude contrast is
calculated. The amplitude contrast (AC), defined as
the intensity difference between retinal vessels and the
background, remained below 10, rendering fine
difficult  to
measurements indicated that positive trial lenses

structures discern. ~ Wavefront
produced convex wavefronts, whereas negative lenses
yielded concave wavefronts, with the wavefront
distortion increasing with the magnitude of the
diopter.

(Figure 5e), AC values exceeded 15, indicating a

Following  wavefront-based refocusing
substantial improvement in image sharpness. The

reconstructed wavefront became nearly planar,

confirming the effectiveness of the correction.
Besides, the system demonstrated excellent stability,
with a coefficient of variation of only 1.83% in AC
over 48 consecutive autofocus tests on a model eye
(mean AC=8.703, SD=0.3432),

repeatability and robust long-term performance (as

confirming high

shown in Figure S1).
4.2 Human eye experiments

Human eye experiments were conducted to
evaluate the practical performance of the proposed
system. A total of 25 volunteers (50 eyes) were
enrolled, with the following inclusion criteria: age 18-
35 years, refractive power between +10 D and —15 D,
pupil diameter 3—6 mm, and no history of other ocular
diseases. The study protocol was approved by the
Ethics Committee of Foshan University (approval no.
FUME2025022). All volunteers have signed the
informed consent form. All imaging was performed
under dark conditions.

Among the 50 eyes tested, the projection
spot-based method achieved a focusing success rate of
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Fig. 5 Results of model—eye focusing experiments
(a) Clear model-eye fundus image. al, corresponding spot pattern; a2, reconstructed wavefront (defocus $=0.04 D). (b) Blurred model-eye fundus
image. bl, corresponding spot pattern; b2, reconstructed wavefront (defocus $=2.6 D). (c) Focusing curves obtained by wavefront detection and by
the projection spot-size method. (d) Unfocused fundus images under different trial-lens powers (with corresponding amplitude contrast (4C) between
blood vessels and background). (¢) Refocused fundus images after wavefront-based correction (with corresponding AC values).

only 32%, with an average 4.25s. In contrast, the
wavefront-sensing method attained a success rate
average of 0.5s,
demonstrating clear advantages in both success rate

exceeding 92%, with an
and operational speed.
Representative cases under stable and unstable
imaging conditions were further analyzed. Under
stable conditions (Figure 6a), the wavefront method
consistently delivered whereas the
projection method often yielded slight defocus due to
its inherent response to the flat zone.

sharp focus,

During
prolonged focusing, which can induce blinking, eye
movement, or pupil shift (Figure 6b), the wavefront
method completed focusing rapidly,
subject discomfort. By contrast, the projection method

minimizing

was susceptible to eyelid glare and intra-blink light
reflections, which degraded image quality.

Our system was compared with two mainstream
commercial portable fundus cameras, the Shanghai
Yingtong AI-FD16aF and the Shanghai Meowo
FC162, both of which adopt
autofocus. The practical imaging speed includes

projection-based

alignment, pupil centering, refractive adjustment, and
image acquisition. As summarized in Table 2, our
system basically meets the performance standards of
commercial devices, has certain advantages in overall
imaging speed, demonstrates its potential in practical
applications, and provides a new focusing method for
portable fundus cameras.
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(a)
Wavefront method

()

Projection method

Fig. 6 Results of automatic focusing of the human eye fundus

(a) Human eye with steady fixation during imaging. (b) Human eye without steady fixation during imaging. Straight-line interception of secondary

blood vessels at the same location to obtain amplitude curves.

Table 2 Comparison of this system with portable fundus cameras available in the domestic market

Our system AI-FD16aF FC162
Average focusing time/s 0.5 2.5 2.5
Resolution/(Ip-mm™) 80 80 80
Field of view/(°) 53 40 50
Range of refractive adjustment/D -20-+20 -15-+15 -20-+20

Focusing method Hartmann wavefront sensing

Dimensions (LxH)/mm? 230x90

Pupil diameter/mm 3.2

Single-point projection method Azimuthal projection
280%130 320x125
35 3

5 Conclusion

In this study, we designed and implemented an
autofocus system for portable fundus cameras based
on direct wavefront sensing. By integrating a
miniaturized SHWS with a collimating lens into the
imaging path, the system directly measures the

wavefront from a retinal projection spot at the CMOS-
conjugate plane. Wavefront reconstruction via Zernike
polynomial yields a quantitative defocus value, which
is used to establish a precise defocus to displacement
mapping and enables closed-loop autofocus without
iterative search. For the first time, SHWS is used as a
dedicated defocus sensor to achieve direct focusing in
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a fully closed-loop manner without iterative searching.
show that the
provides a refractive compensation range of £20 D

Experimental results system
over a 5 mm focusing travel, with an average total
focusing time of 0.5 s and an accuracy of 0.08 D. This
approach effectively overcomes key limitations of
conventional methods, such as the slow convergence
of image-based algorithms and the diffraction

sensitivity of  projection-based techniques.
Evaluations on both model eyes and human eyes
confirmed that the system can quickly and stably
achieve automatic focusing, obtaining clear fundus
images.

In summary, the proposed method achieves a
favorable balance of compactness, focusing range,
accuracy, and speed, without requiring complex
optical components or intensive computation. It thus
provides a practical, high-performance focusing
solution for portable fundus cameras. It should be
noted, however, that to advance this method toward
practical application and commercialization, further
efforts will be needed to optimize system cost, power
consumption, and adaptability to challenging ocular
condition, such as dense cataracts or small pupils.
These aspects represent important directions for future

research.

Supplementary Available online (http://www. pibb.
ac.cn, http://www.cnki.net ):

PIBB_ 20250491 Figure S1.pdf
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