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Abstract

We developed an innovative method using the focal length change in the zoom lens to
enable subjects with refractive errors to see the E chart image. For myopes, the distant E
chart image is in front of the retina. By using the focal length change in the zoom lens, the
E chart is located inside the first focal point of the zoom, diverging light. The E chart image
is formed on the retina, and the myopes can clearly see the E chart. For hyperopia, the
distant E chart image is behind the retina. Similarly, by using the focal length change in the
zoom lens, the E chart is located outside the first focal point of the zoom lens and converges
light, and the E chart image is formed on the retina. Hyperopia patients can clearly see
the converged E chart. The test for myopia was repeated 30 times. The average of the
two test values was —0.7, and the rest were —0.8. The error in the two test datasets can be
minimized by optimizing the zoom lens, reducing the optical image value, and expanding
the field of view (FOV).

Keywords: zoom lens; optometry technology; eye examination

1. Introduction

At present, many people have problems caused by refractive error. Myopia is observed
in elementary school students in grades 5 and 6. Even though school nurses have been
vigorously promoting and tracking students’ vision care, the number of myopic children is
still increasing. Due to the increase in academic burdens and excessive use of smart devices,
the myopia rate of junior high school and high school students has reached nearly 90% in
Taiwan. In addition, as the average life expectancy increases, the elderly population has
increased rapidly, and the number of patients with presbyopia has also increased. Most of
the subjects with refractive errors are examined and corrected in optometry rooms. The
vision test device and optometry used in optometry rooms are independent devices, which
require a large space and a professional optometrist to operate, and are time-consuming
and labor-intensive. Therefore, we developed a portable optometry device that combines
vision testing with optometry. When projecting an E chart through a zoom lens, its effective
focal length changes, allowing subjects with refractive errors to see the E chart image and
complete refractive error testing. As zoom lenses are widely used in various industries, the
development of technology is accelerated [1-5]. We used advanced zoom lenses and digital
image processing technology to reduce reliance on professional techniques and improve
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the efficiency of detection and optometry. The developed device is portable for medical
consultations in rural and remote areas.

2. Principle

In contrast to a fixed-focus lens, a zoom lens is a camera element whose effective focal
length and viewing angle are adjustable. Figure 1 shows a simple three-element zoom lens.
The center lens is fixed in position, and the left and right lenses are movable relative to the
center lens. In this case, the effective focal length and back focal length of the system are
variable, but the image point is fixed [6—12]. There are various ways to design a zoom lens.
In this study, a two-lens telephoto zoom is used to illustrate the zoom principle.

Moving lens Fixed lens Moving lens
Focal plane

—)

bfl3

A
4

Figure 1. Schematic diagram of a three-lens zoom lens.

The paraxial design of a telephoto zoom lens covers a range of effective focal lengths,
from a short focal length of f1 to a long focal length of f2. Parallel light propagates from
left to right along the optical axis of the optical system, with positive lens 1 and negative
lens 2 arranged from left to right. When positive lens 1 is fixed, there are two focal length
scenarios, each briefly described below: At f1, negative lens 2 moves to the right to position
L1. At the intermediate focal length f, the distance between the two lenses decreases to t.
Finally, at 2, the distance between lenses 1 and 2 remains at t, and both lenses move to the
left simultaneously, with positive lens 1 now at position L2. As the focal length changes, the
image position remains fixed at position I. Two effective focal lengths are achieved when
the moving lens is in two different positions, and the image plane remains at the same
position I. Two lenses separating t determine the effective focal length of the telephoto
lens. Image position I houses a piece of film or a charge-coupled device (CCD) and a
complementary metal-oxide-semiconductor (CMOS) digital sensor chip. When changing t
by an amount At, the effective focal length (efl) and the back focal length (bfl) also change.
The change in bfl is represented by Al To keep the focus at I, the two lenses are displaced
as a unit by a distance equal to Al so that the new distance between L2 and the image I is
equal to the new back focal length (bfl). t and bfl are calculated as follows:

t=fl+ 2 — (f1 x £2/ef]) Q)

bfl = efl x (f1 — t)/f1 )

The position of the image plane I is fixed to calculate the location of the two lenses
L1 and L2. Given I on the optical rail, L1 and L2 can be obtained as follows:

L1=I—bfl—t 3)
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12=1—bfl (4)

After understanding the optical design principle of the zoom lens, we introduced the
imaging calculation formula related to the research. Figure 2 shows a schematic diagram
of a digital camera. The side length of the square CCD surface sensor located on the focal
plane of the lens is h', and the effective focal length of the lens is efl. The angle of the view
calculation formula of the digital camera is as follows:

0 =h'/efl ()

Figure 2. Schematic diagram of the digital camera.

Figure 3 shows a general lens meter system, which is used in this system. Lens 1 of
the optical projection system projects the object E to lens 2 of the human eye. The object
E is located on focal plane 1 of lens 1. At this time, the image E at infinity of the projection
system is formed at focal plane 2 through lens 2, which is also on the retina of the human
eye. The optical imaging relationship between the two imaging systems is as follows:

hl/fl =h2/f2 (6)

Focal plane 1 Lens 2

Focal plane 2

f1 2

Figure 3. Schematic diagram of the lens meter system.

3. Experiment Results

The system includes an LCD, a zoom lens, an X-cube prism, a near-infrared (NIR)
camera, seven NIR light-emitting diodes (LEDs) arranged in a honeycomb pattern, and
a digital image processor as shown in Figure 4. The LCD, the zoom lens, and the seven
NIR LEDs form the transmitting module, and the NIR camera is responsible for detecting
the image from the retina. The X-cube prism integrates four optical paths into one system,
including the elements and the subject’s eye, so that the subject can view the E chart and
the NIR camera can capture the retinal image. In the vision test, the LCD is located on the
focal plane of the zoom lens as a display of the E chart and the fixation target [13-21]. The
E chart consists of a sequence of letters E from large to small. The fixation target is a yellow
house surrounded by green trees, which is used to relax the eyes before vision testing and
optometry. The seven NIR LEDs with a honeycomb pattern, the central NIR LED, are used
as a light source for the reflected signal of the cornea when the eyeball is aligned with the
optical axis of the optometry system. The six NIR LEDs around the central NIR LED are
arranged in a circle and are used to test subjects with astigmatism. They are projected onto
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the retina of the subject through an X-cube prism. The NIR camera captures the image of
the six NIR LEDs on the retina of the subject with astigmatism. This image is processed by
a digital image processor to obtain data related to astigmatism. When the LCD is located
on the focal plane of the zoom lens, the projected image of the E chart is projected at infinity
and is used for vision testing. When the focal length of the zoom lens changes, the E chart is
located inside or outside the focus of the zoom lens, and the E image diverges or converges
after projection, which is used to test myopia and hyperopia. When the LCD is located
within the focus of a long focal length zoom lens, the projected E chart image diverges;
when the LCD is located outside the focus of a short focal length zoom lens, the projected E
chart image converges, as shown in Figure 5. In the figure, the zoom lens at the medium,
long, and short focal lengths are presented in Figure 5a—c. The output light in Figure 5a is a
collimated beam for vision testing, and the output lights in Figure 5b,c are divergent beams
and convergent beams for myopia and hyperopia testing, respectively.

Seven NIR LED

LCD display

Zoom lens Eye

Digital image rocessor

| NIR CCD
Camera

Figure 4. Schematic diagram of portable vision testing and the optometry device.
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Figure 5. E chart characteristics of light output inside and outside the zoom lens’s first focal point (a—c).

An autorefractor generally needs to have basic measurement parameters such as
spherical power, cylindrical power, a corneal refractive radius, and a corneal diopter. The
tolerances of these parameters vary according to the measurement range. The tolerances of
other parameters, such as the cylindrical axis and pupillary distance (PD), are <45° and
<=1 mm, respectively.

After determining the system architecture and the optometrist’s basic requirements,
the size of the LCD and the focal length of the zoom lens are calculated using optical
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imaging formulas based on the structure of the human eye. Assuming that the normal
vision of the subject is 1.0, the effective focal length (efl) and retinal width are 2.5 cm and
0.545 mm, respectively. Using the paraxial formula, the efl of the zoom lens is calculated
as 14.5 cm, and the screen size is calculated as 3.1 cm. The efl of the zoom length shortens
from 14.5 to 11.5 cm, and the middle efl is 13 cm.

In this study, we conducted system development and vision test optometry. The first
phase of system development included system construction, optical axis alignment, and
system calibration, which includes two sub-steps. After the system was constructed, the
visible light laser was placed on the eye to be tested. The collimated laser beam passing
through the X-cube prism is divided into three laser beams. These three laser beams are
used to integrate the three optical axes of the LCD, NIR camera, and seven NIR LEDs
on the same plane, and they confirm that the four optical axes are perpendicular to each
other, completing optical axis alignment and artificial eye correction. Twenty subjects with
no physiological diseases and a visual acuity of 1.0 were selected for system testing. The
second phase of the vision test and optometry is briefly described as follow:.

(1) Look directly at the house on the LCD in front of you to make sure that your line of
sight is consistent with the system’s optical axis.

(2) Replace the house pattern with a honeycomb pattern. Look directly at the honeycomb
pattern to relax your eyes.

(38) Observe the distance E chart for each eye separately to test the VA value of each eye.

(4) Play the E letters of the E chart displayed on the LCD from large to small. Stop playing
when the subject cannot clearly see a smaller letter E.

(5) When the subject can clearly see the letter E in front of the small letter E, record the
VA value at this time, and the VA test of this eye is completed.

(6) Change the focal length of the zoom lens. If the small "E" in the previous step can be
clearly seen at the longest focal length, then this eye is hyperopia.

(7)  If the small E in the previous step can be clearly seen at a short focal length, then that
eye is myopia.

(8) The preliminary eye examination results obtained in steps (6) and (7) are used as the
reference value for the focal length in step (6) or (7). With further fine-tuning, the
letter E will change from blurry to clear or clear to blurry. The best focal length value
is when the letter E is the clearest.

For the vision test and optometry experiment, we selected a myopic subject with a
visual acuity of —0.8 for the vision test. The letter E was displayed on the LCD screen,
gradually decreasing in its size from large to small until the subject could not see the letter.
Then, we paused and replayed the test to confirm that the previous letter smaller E was
still visible. The test was repeated 30 times and the test data were recorded. The results
are listed in Table 1. The value at this time was recorded, and the test was repeated 30
times. The test results showed that there were two test results of —0.7, and the rest were
—0.8. According to statistical analysis, —0.8 was selected in this study. These two errors
can be improved in the future by optimizing the optical image value of the zoom lens and
expanding the field of view (FOV).

Table 1. Test data of visual acuity.

—-0.8 —-0.8 —-0.8 —-0.8 —0.8 —0.8 —-0.8
-0.7 —-0.8 -0.8 —08 —-0.8 —-0.8 -0.7
—-0.8 —-0.8 —-0.8 —-0.8 —0.8 —0.8 —-0.8
—-0.8 —-0.8 -0.8 -0.8 —-0.8 —0.8 —0.8

-0.8 -0.8
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After confirming the visual acuity, the refractive examination of subject was continued.
Due to myopia, the zoom lens was set to a long focal length to focus on the letter E, and
the LCD was set to the letter E for 1.0. The position of the LCD screen was adjusted so
that the examinee could see the letter E for 1.0 and the yellow house picture on the green
background. At this time, the focal length and the LCD screen position were recorded. The
position data of the LCD screen is listed in Table 2. The focal length of 0.21 mm was mainly
used with 0.22 mm. The reason is because the FOV is small, the aberration of the zoom lens
is large, and the subject cannot adapt to the test equipment.

Table 2. Distance of movement of the LCD in mm.

0.21 0.21 0.21 0.21 0.21 0.21 0.21
0.22 0.21 0.21 0.21 0.21 0.21 0.20
0.21 0.21 0.21 0.22 0.21 0.21

4. Conclusions

Based on the previous testing technology of portable vision and optometry, we de-
veloped a miniaturized and portable eye examination device whose application range is
broader than the current auto refractometer. The complex structure of the existing auto
refractometer is simplified by using a zoom lens to diverge and converge the projected E
chart for myopia and hyperopia testing. For the current advanced technology of optics,
optoelectronics, and information, many difficulties are found, but the device can address
them. Because it is used at a near distance, the space of the optometry room is reduced.
The experimental results showed there are fewer abnormal data points. After analysis, a
zoom lens with larger aberration is used. The inconvenience of the developed device made
test subjects feel uncomfortable when watching the E chart for a long time, which affected
the test results. Currently, we have tested myopia at —0.8 with the developed device. The
general range of myopia diopters is from —0.1 to —11, so this device was established based
on a look-up table (LUT) to explore the relationship between diopters and LCD at the
adjusted distance. At this stage, we conducted monocular and long-distance vision and
optometry tests, and in the future, it is necessary to develop the device for astigmatism and
binocular testing.
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