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ABSTRACT

Introduction: This paper presents a comparative study of an optical system of a smartphone-based
ophthalmoscope to improve the image quality of retinal imaging photoplethysmography (iPPG). Methods: This
study has developed two optical systems using WinLens 3D software. Design | employed the combination
of best forms and aspheric lenses while Design Il was formed by combining achromatic and 20D lenses.
These optical systems were developed to observe: (i) illuminating path when the rays travel from light source
to the retina and (ii) imaging path when the ray travel from the retina back to the image sensor of the
smartphone camera. Results: The outcomes of the observations were presented as the image metric
quantities: (i) spot diagram, (ii) transverse ray aberration, and (iii) 3D wavefront plot that represent the image
quality of the optical system. Also, the illumination and imaging paths were demonstrated with different focal
lengths and similar lens selections to observe the image quality. Conclusion: The results showed that Design I
has better performance than Design I. The simulation results have provided enough information to verify the
performance of the optical design.
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INTRODUCTION

The World Report on Vision in 2019 reveals that
there are at least 2.2 billion people are diagnosed
with vision deficiency or blindness (1)(2). The vision
deficiency and impairment are preventable with
current technology, good treatment, comprehension
of disease, and health care treatment (2)(3). Due to
this reason, and the increase of the aging population,
there is a high demand for diagnosing and monitoring
devices to improve the eye health care system and
treatment. Patients with eye disease need regular
screening and monitoring involve tissue layer
examination through the eye pupil (ophthalmoscopy),
and also visualization of abnormalities regarding
the eye diseases(4). The ophthalmoscopy technique
was established in 1851 by Hermann von Helmholtz
(5). The conventional ophthalmoscope invention
possessed three important elements that affect the

image quality: (i) a source of illumination, (i) a
way of projecting the light into the eye, and (iii) an
optical component arrangement. These elements have
become fundamental to modern ophthalmoscope
designs  today. The technique wused fundus
photograph to identify abnormalities on the eye
tissue due to eye diseases (4).

Over the vyears, the screening, diagnostic, and
treatment techniques of eye disease have evolved
tremendously with great achievement. A gold-standard
modality such as Optical Coherent Tomography

(OCT) is equipped with high-tech features to
visualize, identify abnormalities, and effectively
monitor the eye health status (6) (7). However,

the modality is bulky, table-mounted which is not
suitable for home-based assessment, emergency
room, and unportable. Also, it requires a skilled
practitioner to operate and maintain the modality
performance. The smartphone-based ophthalmoscope
has recently been designed as an alternative for
these shortcomings (8) (9). Despite simple illumination
design, minimal settings, and portability, the
smartphone-based ophthalmoscope has proven its

Mal ] Med Health Sci 17(SUPP13): 40-46, Dec 2021 40



Malaysian Journal of Medicine and Health Sciences (eISSN 2636-9346)

capability to assess eye health status by maintaining
fundamental design to its simple system (10). Today,
a rapid technology of smartphone design with a
high-resolution megapixel (MP) camera, compact
design, and high frame rate (=25 frames per second)
has improved its capability to capture an image or
to record a video (11)(12). These features have
improved the capability and reliability of smartphones
as retinal imaging devices in the future (13)(14).

This paper presents, a comparative study of two optical
systems that were designed for smartphone-based
ophthalmoscopes using WinLens 3D software (15)
(16). The study was conducted to compare the image
quality due to different focal lengths with similar lens
arrangements. The optical systems were designed
by using three lenses and a single prism to reduce the
complexity and cost. In the lens arrangement, a single
prism was used to balance the tolerance between
the illumination path and the imaging path. The
optical systems were demonstrated to observe: (i) an
illumination path, which illustrates rays travel from
the light source to the retina, and (ii) an imaging
path to predicting the behavior of the rays’ travel
from the retina to the image sensor of the smartphone
camera. The quality of the produced image was
evaluated regarding (i) symmetrical spot diagram,
(ii) transverse ray aberration from illumination path,
and (iii) 3D wavefront plot generated from the imaging
path (15). Also, the simulations on the effect of lens
distance in lens arrangement were demonstrated in
both designs. The initial distance of lens arrangement
was demonstrated with £20% and +40% distances to
evaluate the image quality.

MATERIALS AND METHODS

The development of optical design involves the
understanding of the principle of ophthalmoscope
(17): (i) direct ophthalmoscope, and (ii) indirect
ophthalmoscope.

Direct Ophthalmoscope

The direct ophthalmoscope is commonly used to
visualize the retina and optic disc. To demonstrate
a direct ophthalmoscope, the lens power is adjusted
to visualize the patient’s retina from 8 cm to 50 cm
to the observer’'s point with approximately 15 times
magnification (18).

Indirect Ophthalmoscope

The indirect ophthalmoscope requires condensing
lens such as aspheric lens with 2 to 5 times
magnifications to reduce distortion and gain a larger
field of view (FOV). The produce image is real,
reversed or inverted that useful for peripheral view.
To demonstrate an indirect ophthalmoscope, a higher
intensity of the light source is needed, a large aspheric
lens and head-mounted optical system are used

where the lens is held in front of the dilated

patient’s eye (18).

Design and Simulation

In this work, two optical systems were designed
using WinLens 3D, an open-source software (16) to
observe the ray tracing and quality of the produced
image based on indirect ophthalmoscope principle.
For both designs, the ray tracing was divided into
two paths: (i) illumination paths, and (ii) imaging
paths. The outcomes of ray tracing can be interpreted
in terms of spot diagram, transverse ray aberration,
and 3D wavefront plot (15).

Design | Illumination Ray

()

Design Il
4 ’Q' ia

W |-

(b) (d)

Imaging Ray Human Eye

Fig 1 : (@) An Optical system of Design I, (b) An optical
system of Design Il, (c¢) The illumination ray tracing and
description of Design I, (d) The illumination ray tracing,
description of Design Il, (e) The imaging ray tracing of
Design I, (f) The imaging ray tracing of Design Il, and
(g) The human eye optical model.

Optical  arrangement  for
ophthalmoscope

To design an established with good performance
of the optical system: (i) the lens arrangement,
(i) selection of lens, (iii) optimal design with minimal
complexity of lens arrangement need to be considered
(15)(19). The lens arrangement of both designs is
illustrated in Fig. 1a and 1b. The selection of lenses
for each design was tabulated in Table I.

smartphone-based

Optical System Design |

For each design, three lenses were used and
arranged with similar distances. Ideally, to produce
a good optical system of the ophthalmoscope, a high
number of lenses is required to produce high-
quality images (10). However, in this study, only the
fundamental lenses and components of a fundus
camera were used to reduce lens arrangement
complexity, and prototyping cost.

Optical System Design Il
The lens radius and focal length of both designs
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Table | : Specification of Lenses for Design | and Design Il

Design Lenses Radius of curvature  Glass type Focal length  Conic constant
(mm) (mm)
Plano-Convex Lens -19.667 N-BK7 37.960 0.000
. Aspheric lens -31.513 S-LAH64 40.000 -0.641
Design |
S1=24.317
Best Form Lens N-BK7 25.400 0.000
$2=-134.325
Plano-Convex Lens -25.858 N-BK7 50.030 0.000
S1=11.640 S1=-1.070
20D lens H-K51 10.360
Design Il $2=-9.480 $2=-9.240
S1=13.973
S-BAH11
Achromatic lens $2=-9.339 19.950 0.000
N-SF10
$3=-76.140

were slightly different due to the different lens
selections. However, the lens arrangements were
similar for both designs.

lllumination path from the light source to the retina

An illumination path is essential to observe the
ray of light source that travels passes the lenses
into the retina. The observation is demonstrated to
predict and produce a sharp image at the monitor
display (20). A typical fundus camera optical system
was designed with a light source that was allocated
at the bottom of the design to project a ray of light.
The projected light was passed through the lenses
at the 90° vertical axis which allowed the ray to travel
in parallel. Each design possesses a plano-convex
lens at the bottom and a similar distance between
lenses however, the designs have a different
radius and focal length arrangement. As the ray
passes through the prism, the ray of light traveled
90 vertically and continued to the condensing lens

Table 11 : Specification of Eye Model

(20D and aspheric lens) that was used to focus the
rays. Finally, the ray passes through the human eyes
and reaches the retina. The design of the illumination
path for both designs is illustrated in Fig. 1c and 1d.

Imaging path from the retina to the image sensor of
smartphone camera

An imaging path is used to observe the behavior
of the ray’s travel from the retina to the image sensor
of the smartphone camera. The imaging path started
from the retina through the eye lenses and the
condensing lens (aspheric lens and 20D lens). As
the ray continued to travel and pass through the next
lenses (best form lens and achromatic lens) before it
reached the smartphone image sensor. These lenses
were used to minimize the aberration value of the
design. In Design |, the best form lens was used while
Design Il possesses an achromatic lens in the lens
arrangement. The imaging path for both designs is
illustrated as in Fig. e and 1f.

Surface type Radius of curvature Thickness Refractive index Diameter Conic constant
for glass

Anterior cornea 11.700 -0.550 1.376 23.000 -0.260
Posterior cornea 9.800 3.000 1.337 19.200 0.000
Pupil 0.000 0.000 1.337 0.000 0.000
Anterior lens 15.000 2.160 1.371 30.000 -3.132
Posterior lens -11.000 20.600 1.371 21.500 -1.000
Retina 12.000 N/A 1.336 20.000 0.000
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Optical model of human eyes

In this work, modeling the human eyes optical system
is required to produce the imaging ray from the
retina back to the image sensor of the smartphone
camera. The human eye was modeled using a similar
approach in with surface types, (i) anterior cornea,
(ii) posterior cornea, (iii) anterior lens, (iv) posterior
lens, and (v) retina (21)(22). The eye model is
illustrated as Fig.1g and the parameters are tabulated
in Table II.

Simulation of various distance in the lens arrangement
In this work, the distance of lens arrangement of both
designs followed the standard fundus camera (23).
Also, the simulation of distance lens arrangement
was conducted to investigate the influence of lens
distance on image quality. The simulation was
demonstrated by decreasing and increasing the
implemented lens arrangement of Design | and
Design Il in Fig. 1Ta and 1b by +20% and 40%. The
various distance setting for Design | and Design Il
is tabulated in Table III.

RESULTS

The WinLens 3D software can be used to determine
and observe a variety of image quality metrics.
However, in this work, there are three image quality
metrics were considered: (i) spot diagram, (ii) transverse
ray aberration, and (iii) 3D wavefront plot. These
metric qualities are chosen based on the application
of the optical system (15).

Spot diagram

The spot diagram appeared as a spot when it traces
a large number of a ray of light travel through the lenses
from point of the source. The spot diagram plotted

the location of rays when they traverse with the
image plane (24). The observation shows at 0.0mm
the spot diagram of Design Il in Fig. 2b has better
symmetrical where most of the ray convergence to
the center.

Transverse ray aberration

The demonstration of transverse ray aberration in
Fig. 2c and 2d showed that the line graph at (c) of
Design 1l was almost approaching the horizontal line
which indicates the design has minimum aberration.
While Design | showed the line graph at (c) was
about 60% more to approach the horizontal line
which also indicates the numerous aberrations in the
optical system.

SD TRA

Design |
°

(a (©

Design I
®
.
L ]

(b) (d) U]

*+SD: Spot Diagram, TRA: Transverse ray aberration, 3D WF: 3D Wavefront plot

Fig 2 : (a) Spot diagram of Design | : (a) focus shift by
-2.0mm, (b) focus shift by -1.0mm, (c) focus shit by 0.00mm,
(d) focus shit by 1.0mm, and (e) focus shift by 0.02mm,
(b) Spot diagram of Design Il : (a) focus shift by -2.0mm,
(b) focus shift by -1.0mm, (c) focus shit by 0.00mm,
(d) focus shit by 1.0mm and (e) focus shift by 0.02mm,
(c) Transverse ray aberration of Design I, (d) Transverse
ray aberration of Design Il, (d) The wavefront surface of
Design | with PV = 50.3 waves and RMS =28.5 waves and
(e) The wavefront surface of Design Il with PV = 16.9 waves
and RMS 10.0 waves.

Table 111 : Distance Setting of Lens Arrangement for Design | and Design Il
Design Distance Setting -40% -20% +20% +40%
(mm) (mm) (mm) (mm)
Distance between plano-convex lens and prism 28.20 37.50 58.75 65.80
Distance between a prism and aspheric lens 15.00 20.00 30.00 35.00
Design |
Distance between an aspheric lens and eye model, 18.90 24.70 38.30 44.10
Distance between the aspheric lens with best form lens 30.00 40.00 60.00 70.00
Distance between plano-convex lens and prism 28.20 37.50 58.70 65.80
Distance between prism and 20D lens 15.00 20.00 30.00 35.00
Design Il
Distance bewteen 20D and eye model, 18.90 24.70 38.30 44.10
Distance between an aspheric lens with best form lens 30.00 40.00 60.00 70.00
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3D wavefront plot

The 3D wavefront plot in Fig. 2e and 2f showed that
both designs have produced a smooth wavefront
where rays reached the surface by observing the
‘little diamonds’. This means that the light that was
successfully traveled from the retina and reached
the image sensor of the smartphone camera. The
Peak-to-Valley (PV) error values produced from both
designs were considered as fair optical quality because
they produced above 1/8 wave. The produced wave
was < 70 nm of the 560 nm for a warm white light
source that is commonly used for eye modality.

Effect of lens distance on image quality

In this work, the wvarious lenses distance was
demonstrated to investigate the effect of these
distances on image quality. The results of Design | and
Design Il were illustrated in Fig. 3 showed Design Il
is better than Design | according to Fig. 3e and 3g.

Design |

SD w|eo| - 1

TRA

3D WF

(b) +40% (c) -20% (d) +20%
Design Il

() 40%

TRA

3D WF

(f) +40% (g) -20% (h) +20%

(e) -40%
Fig 3 : Spot diagram (SD), Transverse ray aberration (TRA),
and 3D Wavefront plot (3D WF) of Design | with various
lens distance at (a)-40%, (b)+40%, (c)-20% and (d)+20%
and Design Il with various lens distance at (e)-40%, (f)+40%,
(8)-20% and (h)+20%.

DISCUSSION

Spot Diagram

To produce a good and sharp image quality, the
ray must fall to the image plane with a smaller
spot (19)(24). By observation, the spot diagram of
Design Il in Fig. 2b at focus 0.0mm produced a smaller
spot diagram than Design | in Fig. 2a at focus 0.0 mm.
The observation indicates that Design Il produced a
sharper image compared to Design I. The spot diagram
produced in Design | implies that the design has a
spherical aberration error.

Transverse ray aberration

Transverse ray aberration was demonstrated to map
the image positions of rays in each fan that related
to the chief ray versus the position of the rays at
the entrance pupil (25). The ray aberration curves
trace fans of rays were categorized in two
orthogonal directions (i) meridian Y-Z axis at (a), and

(ii) sagittal X-Z axis at (b). The function of transverse
ray aberration for this application is to identify the
ray position image in a fan and the differences in the
intercept of an actual ray concerning the ideal image
point (26). A perfect optical system produces a straight
line along the horizontal axis in both the meridian
(a) and the sagittal axis (b) that represent an ideal ray.
Therefore, the more closer ray is produced to the
ideal ray, it indicates that the aberration of the
optical system is minimized.

3D wavefront plot

The wavefront plot is calculated by tracing concentric
rings of rays from each object point through the lens
aperture. The ray location in the aperture is shown
by the ‘little diamonds’. In 3D wavefront plot, the
measurement was based on: (i) PV and RMS, (ii) peak,
and (iii) valley. The ‘peak’ can be defined as the most
positive Optical Path Difference (OPD) value from
any of the rays and the ‘valley’ is defined to be the
most negative OPD value from any of the rays. The
Peak-to-Valley (PV) is obtained from the differences
between ‘peak’ and ‘valley’ values. The Root Mean
Square (RMS) of OPD values from all rays that have
been traced from the selected object point (27).
The measurement of RMS represents more than an
averaged value over the entire set. The measured
RMS value could be small, even though the PV
value is large. The PV value is more likely referred to
than the RMS value to evaluate the image quality.
However, the RMS value is a better method to
measure the feat of an optic than PV and neither
one of these parameters are useful to calculate the
optics performance. The waves characteristic and
optical quality that relates to PV error where  below
and 1/3 is classified as very poor and poor, and
1/8 and above is classified as minimally good
and better. The optical system with PV error that
produces 1/8 waves and above value are considered
to possess good optical quality. For instance, at
250 nm the wave is about  wave if blue-green light
is considered as reference (500 nm).

CONCLUSION

This work has presented a comparative study of
the optical system to improve image quality for
retinal imaging photoplethysmography (iPPG). Two
illumination designs were proposed and the effect
of lens distance on the image quality was also
investigated. The image quality metrics produced
from the illumination path and imaging path were
considered in this work. The correct selection of
lenses and accurate lens distance in the lens
arrangement was also crucial to optimize the optical
system performance. From observation results and
performance of both designs, it is discovered that
Design Il has produced a better result than Design |
in terms of spot diagram, transverse ray aberration,
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Table IV : Effects of Lenses Distance on Image Quality Metrics

Design Image quality metrics ~ +40% -40% +20%  -20% Comments
Design | Spot diagram X v X \ At +40%, the ray started sparse
Transverse aberration  x v X \ At -40% and -20%, the graph line was closer
to the horizontal axis
3D waveform plot - - X v There was no significant different at +40%,
where some of the ray has not reached target
surface. But more ray reached target surface
at -20%.
Design Il Spot diagram X V X \ At -20%, the spot diagram produced was sharp
Transverse aberration  x v X v The aberrations at -40% and -20% were better,
the graph line produced was closer to the hor-
izontal axis.
3D waveform plot - - 3 J At £40%, the ray was not evenly sparse and
some failed to reach target surface. At +20%,
the 3D wavefront plot showed quite good per-
formance as most of the rays reached the tar-
geted surface.
**Indicator: V' — Better, ‘x’ — Poor, '~ - No different

and 3D wavefront plot. The demonstration on lens
distance has concluded that the lens distance
modification has influenced the produced image
quality. In this work, a basic version of WinLens 3D
open-source software is used to design and
demonstrate the optical systems.However, the image
metric quality is accessible and can be used to
provide enough information to verify optical system
performance. For future work, the image quality can
be improved by using a full license of WinLens 3D
where more performance aspects can be accessed
and demonstrated.
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