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‘We present the performance analysis and specifications of a portable auto-phoropter system that can be employed
for fast refractive assessment of a large population. A customized Shack—-Hartmann wavefront sensor is devel-
oped to accurately measure the defocus and astigmatism of the eye within £10 D and %6 D, respectively. Three
fluidic lenses are designed to correct the vision in real time. A digital Snellen chart is integrated into the system to
validate the accuracy of the measurement and the correction by means of achieving 20/20 vision. The refractive
error of eight subjects (16 eyes) has been measured objectively (without patient’s feedback) using the proposed
system and the results are compared with their clinical prescription through the Bland—Altman method. It is
shown that the auto-phoropter takes less than 8 s to measure and correct the eye refractive error with an accuracy

of £0.25D. ©2022 Optica Publishing Group

https://doi.org/10.1364/A0.442769

1. INTRODUCTION

Worldwide, approximately one in 12 people suffers from insuf-
ficient or no visual correction [1]. About 43% of people with
uncorrected vision will eventually become visually impaired [2].
Therefore, regular eye examinations are crucial to addressing
global visual impairment. Providing an affordable, accessible,
convenient, and fast eye refractive error measurement is a
fundamental step to prevent loss of vision for millions of peo-
ple around the world but in particular within the developing
countries.

Unfortunately, subjective refractive error measurement using
conventional phoropters with trial lenses is too complex and
time-consuming to address the need for improved refractive
measurements. In general, too many trial lenses with various
dioptric power in both spherical and cylindrical shapes are
needed to evaluate the patient’s eye refractive error. Liquid
lenses which have a tunable dioptric power are a promising
alternative to significantly simplify the traditional phoropters
[3-8]. Therefore, it is possible to design a compact and portable
phoropter based on fluidic lenses.

Traditional phoropters require frequent and reliable feedback
from the patients to determine the refractive correction. This
may result in confusion and inaccuracy especially for young
children, elderly, or mentally handicapped subjects. Therefore,
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auto-refractors have been used to objectively measure the refrac-
tive error. However, since they often provide a rough estimate
of the refractive error, their accuracy needs to be validated by an
optometrist using trial lenses [9].

In this paper, we propose an instrument which combines a
precise auto-refractor based on wavefront sensing technology
and a phoropter based on fluidic lenses. Since this device auto-
matically measures the refractive error of the eye and objectively
corrects the vision using tunable lenses, we named this device
an auto-phoropter [10]. In this device, we have employed a cus-
tomized Shack—Hartmann (SH) wavefront sensor, which has
been used extensively for adaptive optical systems in astronomy
[11-13], to measure the human eye’s refractive error even in
extreme cases (£10 D). It has been shown that the SH sensors
are capable of accurate measurement of both lower-order aber-
ration (defocus and astigmatism) of the eye and higher-order
aberrations [14—16]. The working principle of the SH sensor is
to determine the eye’s aberrations based on the measurement of
the local slopes of the wavefront reflected off the retina [17,18].
Once the refractive error is measured, the fluid lenses in the
system will be activated to correct the patient’s vision. A digital
Snellen chart will be shown to the subject to confirm that 20/20
vision has been achieved. In some rare cases the patient might
not be satisfied with the proposed objective refractive error
obtained using the wavefront sensor [19]. We have designed
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an optional manual adjustment for the device by which the
user/optometrist can fine tune the defocus of the fluid lenses
while the patient is looking at the digital Snellen chart. Using
the patient feedback, it is then possible to obtain the best sub-
jective refractive error correction. Note that in contrast with the
traditional phoropter which requires frequent and reliable inter-
vention from patients, our proposed device will measure and
correct the objective refractive error in a few seconds, therefore
reducing the feedback required from the subject.

The digital Snellen chart used to verify the patient acuity can
easily be changed to display letters, “E” letters with different ori-
entation, or other symbols to address the specific needs of illiter-
ate young children. The details of the design and measurement
procedure are presented in the following sections.

2. AUTO-PHOROPTER DESIGN

The proposed system block diagram is presented in Fig. 1.
An infrared (IR) LED with 820 nm central wavelength is spa-
tially filtered by an optical fiber and the output of the fiber is
collimated using an air-spaced doublet collimator specially
designed to deliver a collimated beam with minimal aberration.
This wavelength is chosen to maximize the retinal reflection
[20]. The LED is faintly visible to the human eye. It is worth
mentioning that using an LED instead of a laser reduces the
speckle noise on the CMOS sensor and lowers the cost of the
system. A polarizer after the collimator makes the beam linearly
polarized. The beam diameter is set to 2 mm using an iris after
the collimator. The beam is reflected toward the eye-model
using a polarizing beam splitter (PBS). The total power of the
beam is around 2 uW. We used a custom-built model eye for the
initial tests, which is an aspheric 17 mm focal length lens with
a diffuse reflector on its back focal plane. An iris in front of the
model eye resembles the eye pupil. The IR beam propagating
toward the model eye will be focused at the diffused reflector
which resembles the retina. The diffusely reflected light can
be considered as an unpolarized point source that will be col-
limated using the eye-model lens. For an ideal model eye this
reflected beam is a plane wave; however, for a human eye, itis a
distorted wavefront due to the ocular aberrations. Note that in
this configuration, the light passes through the optics of the eye
twice; however, since the retina can be considered as a diffused
reflector, the wave aberrations that are introduced by the eye in
the first pass do notaffect the measurements [21]. Note also that
the residual specular reflection from the retina, which has the
same polarization as the incident beam, will be blocked by the
PBS.

L1 and L2 construct a one-to-one telescope that relays the
eye-model pupil to an intermediate pupil at the fluidic lenses.
L3 and L4 construct another one-to-one telescope which relays
the intermediate pupil to the SH entrance pupil. Therefore, the
wavefront at the exit pupil of the model eye is duplicated at the
SH sensor entrance pupil where the local slopes are measured.
The iris between L1-L2 is used to block the off-axis corneal
reflection from the front surface of the eye-model. Another iris
is employed between L.3—L4 to reduce stray light reflected from
fluid lens surfaces. The L1 and L2 lenses are both achromatic
doublets and have a maximum of A /7 waves of spherical aberra-
tion over the range of —10 D to 10 D. In other words, they are
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Fig. 1.  Block diagram of the proposed auto-phoropter system.
The red arrow shows the infrared beam from the 820 nm LED used to
measure the refractive error of the eye. The green arrow is the optical
path of the fixation target, and the orange arrow shows the beam path
of the backlit chrome masked Snellen chart. PBS, polarizing beam
splitter; FL, fluidic lens; DM, dichroic mirror.

designed to remain diffraction limited in the visible and NIR
spectrum.

A. Customized SH Sensor

The SH sensor is an optical metrology tool in which the incom-
ing wavefront is divided into small sub-apertures by means of
a microlens array. In the focal plane of the lens array, where a
high-resolution CMOS sensor is placed, the system will produce
a pattern of spots. By measuring the displacement of each spot
from the center of the sub-aperture, the local slope of the wave-
front can be estimated. These slopes are then used to reconstruct
the wavefront. To calibrate the sensor, a well-collimated beam
(plane wave) propagating perpendicular to the lens array is
used and the resulting regular spot pattern will be used as the
reference for measuring the spot displacement.

In general, the smaller the sub-aperture (lens array pitch) is,
the more accurate the wavefront approximation is. However,
there are two major limitations in minimizing the lens array
pitch. First, the maximum slope that can be measured is propor-
tional to the sub-aperture size. In other words, if we choose alens
array pitch that is too small, for steep slopes, the correspond-
ing spot may fall into the adjacent sub-aperture which causes
errors in the slope calculation [22]. Second, the signal-to-noise
ratio of the spot pattern is quadratically proportional to the
sub-aperture size. Therefore, when measuring a wavefront with
very low intensity, the small sub-aperture size will not provide
adequately bright spots for analysis.

Another crucial factor for choosing a lens array for the SH
sensor is the focal length of the lens array. In general, considering
a given CMOS pixel size for imaging, a longer focal length pro-
vides more precision in measuring the wavefront local slopes but
limits the maximum slope that can be measured. To optimize
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Table 1. Zernike Coefficients Relevant to the Defocus
and Astigmatism of the Human Eye

Coefficient  Zernike Polynomial Interpretation
Z4s(p, 0) p%sin(26) Astigmatism with axis at 45°
Zs(p, 6) 20 —1 Defocus

Zs(p, 0) pZcos(26) Astigmatism with axis at 90°

the array lens parameters (pitch and focal length), we simulated
Shack-Hartmann wavefront sensors with various pitch and
focal length values in Zemax OpticsStudio raytracing software.
Then, we observed generated spot patterns from the spherical
wavefronts corresponding to a defocused eye-model (£10 D)
as well as cylindrical wavefronts corresponding to a range of
astigmatic eye-model (&= 6 D). The eye-model pupil diameter in
the simulation was 3 mm. The optimized lens array parameters
which maximize the dynamic range of the system and maintain
an acceptable wavefront estimation accuracy (0.01 D) were
found. To validate the accuracy of the system, an eye-model
with lenses with 0.01 D defocus increments was successfully
measured overarange of £10 D.

In the customized SH sensor, the CMOS sensor exposure
time is set so that we can obtain the wavefront error in real time.
The generated spot pattern images are analyzed in the software
that we developed in-house. First, the beam centroid and diam-
eters are estimated. Then, the centroid of each spot is located
and consequently, the local slope of the wavefront is measured
by obtaining the spot displacement compared to the reference
spot location in each sub-aperture [23]. Then, the wavefront is
approximated from the slope measurement using the technique
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explained in [17]. Therefore, the software provides the Zernike
coefficients up to the fourth degree (Z; to Z;s) corresponding
to the reconstructed wavefront. However, only three Zernike
coefhicients, which are shown in Table 1, are responsible for
lower-order aberrations of the eye. These Zernike coefficients
can be converted to optometric values (Sph, Cyl, Axis) using
the procedure explained in [20]. Although we are not able to
correct for higher-order aberrations with the fluidic lenses, the
measurements of the high-order Zernike coefficient by the SH
sensor are still relevant for other interventions such as Lasik eye
surgery. They might also be used to explain why the patient does
notachieve 20/20 vision after correction.

B. Fluidic Lens System

The fluidic lens system is constructed from one spherical and
two cylindrical fluidic lenses. The axes of the two cylindrical
lenses are separated by 45°; therefore, they can be used to cor-
rect astigmatism of the eye with any given axis [20,22]. The
spherical fluidic lens is responsible for correcting the defocus
of the eye. Each fluidic lens is made of a glass substrate, a thin
polydimethylsiloxane (PDMS) front membrane, an index
matching liquid, and a reservoir [4,6,7,10]. The power of each
lens can be tuned by a diaphragm pump mechanism actuated by
a servo motor. The step size of the servo motor determines the
tuning resolution (~0.01 D) of each fluidic lens. The maximum
ranges of dioptric power that can be achieved by the spherical
and cylindrical fluidic lenses are £10 D and 6 D, which are
much greater than other types of tunable lenses such as liquid
crystal lenses [24]. Also, compared to deformable mirrors which
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Fig. 2.

(a) Accumulated aberrations induced by the PDMS membranes of three fluidic lenses. The peak to valley of the aberration within 3 mm

aperture is less than 0.1 pm, which is negligible. (b)—(d) Lens power versus servo motor position for each lens.
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are very common in adaptive optics applications, fluidic lenses
are significantly less expensive to manufacture. More details on
the design of the cylindrical fluid lens are published in [25].

In order to confirm that the PDMS membranes of the fluidic
lenses are not degrading the optical performance of the system,
we measured the accumulated wavefront errors of the three
lenses at flat state (zero diopters), using a commercial wavefront
sensor. As shown in Fig. 2(a), the peak to valley of the wavefront
error within 3 mm pupil size is about 0.1 um, which allows the
entire system to be diffraction limited. It has to be noted that the
wavefront error of the fluidic lenses is at its worst in the flat state
because the membrane is optically twisted by the support flange
of the fluid cavity. Once the membrane is under tension either
inflated or deflated, the wavefront will improve.

Figures 2(b)-2(d) show the dioptric power change versus
the servo motor position for spherical, 90° cylindrical, and
45° cylindrical fluidic lenses, respectively, measured using our
custom SH sensor. Note that, in order to obtain repeatable
results from each fluidic lens we need to ensure that there is no
hysteresis in the lenses as we push the diaphragm forward or we
pull it backward. Note also that the change in the lens power is
not necessarily linear. However, the software uses a polynomial
curve fitting to obtain the desired dioptric power for each lens.

C. Integrated Snellen Chart and Fixation Target

As mentioned before, to prevent the eye movement and to
stabilize the accommodation, a fixation target is employed in
the system. A ring-shape target with a crosshair at the center
is manufactured using a chrome mask on a silica substrate. A
540 nm LED is used to back illuminate the mask. A lens is used
to project the fixation target at 20 ft. The LED can be turned
on in the software to fixate the eye during the measurement.
The field of view (FOV) of the fixation target is designed to be
narrow enough to prevent eye motion.

A similar approach is used to make a digital Snellen chart
projected at 20 ft. However, we employed a white LED for back
illumination of the chrome mask Snellen chart. This chart is
turned on in the software when the measurement and correc-
tion is finished so that the accuracy of the measurement and
correction of the refractive error can be validated by the subject
by means of seeing the 20/20 line of the chart. The FOV of
the Snellen chart is designed to be large enough so that it is not
sensitive to eye and head motion.

In the case that the subject cannot read well 20/20 line on
the chart, we have an optional manual adjustment built in the
device by which the operator can tune the fluid lens power. After
the objective refractive error is measured and corrected, the
optometrist can adjust the correction manually while the patient
is looking at the Snellen chart, in order to obtain the best sub-
jective refractive error correction. However, in our human eye
measurement study presented in Section 3, all subjects were able
to read the 20/20 line after objective refractive error correction.
Therefore, we did not need to use this manual adjustment.

To avoid using any flipping mirror in the system, the Snellen
chart and fixation target were combined using a beam splitter
and they could be turned on and off independently in the soft-
ware. Since we are using LEDs as a light source for the IR beam,
fixation target, and the Snellen chart, the power requirement
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Table 2. Comparison of Maximum Corneal and
Retinal Exposure of our Device with the Permissible
Exposure in 1ISO-15004-2 Standard

Threshold for Group 1
Maximum Instruments in
Irradiance ISO-15004-2 (at 820 nm) Auto-Phoropter
On the cornea 20 mW/cm? 40 wW/cm?
On the retina 1.2 W/cm? 0.34 W/cm?

for the system is very low and the system can be powered by
batteries.

D. Light Hazard Measurement

Before performing any measurements on the human eye, we had
to confirm that our device was in compliance with ISO-15004-2
standard and therefore is safe to use on the human eyes [26].
Based on Table 2 in this standard, the proposed instrument
can be classified in Group 1 if corneal irradiance is less than
20 mW/cm? and the retinal irradiance is less than 1.2 W/cm?
(weighted at 820 nm). In our device, a collimated beam of IR
light with a total power of 2 ©W is directed toward the eye. This
power is uniformly distributed over a 2.5 mm beam diameter.
Therefore, the irradiance on the cornea is 40 pW/cm?. To
determine the maximum exposure on the retina, we simu-
lated the irradiance pattern on the retina surface of the Arizona
eye-model [20] in Zemax (Fig. 3). In this model, the output of
the fiber is collimated and reflected toward the eye-model. As
shown in Fig. 3(b), the peak irradiance on the retina surface is
0.34 W/cm?. Note that if the eye has some refractive error, the
peak irradiance on the retina will decrease to a lower value. For
instance, in Fig. 2(c), the irradiance on the retina for the Arizona
eye-model with 0.5 D defocus has been shown. Therefore, based
on these exposure values, the proposed auto-phoropter can be
classified as a Group 1 ophthalmic device for which no potential
light hazard exists [27].

3. HUMAN EYE REFRACTIVE ERROR
MEASUREMENT

To demonstrate the performance of the proposed auto-
phoropter on the human eye, we performed measurement
on 16 eyes (eight subjects). The measurement was done accord-
ing to a protocol approved by the Institutional Review Boards
at the University of Arizona. The subjects’ ages ranged from
22 to 50 years old and their eyes were either myopic and/or
astigmatic. The mean and standard deviation (STD) of the
volunteers’ spherical refractive error are —1.97 D and 1.42 D,
respectively. The mean and STD of volunteers’ cylindrical aber-
ration are —0.75 D and 0.48 D, respectively. In the experiment,
the subjects were asked to look at the fixation target to stabilize
the accommodation and fixate their eye position. A chin rest
was used to stabilize the subject’s head. By observing the spot
pattern at the SH sensor, the operator can guide the subject to
align his/her eye with the optical axis of the device. Note that
before the measurement, the fluidic lenses are set at zero position
(flat state).

Once the subject’s eye is at the correct position and he/she can
see the fixation target, the IR wavefront reflected off the retina
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(a) Spot pattern on the SH sensor for a house-made eye-model, which is used for calibration. (b) Spot pattern corresponding to a myopic eye

with 4 D defocus. (c) Reconstructed wavefront error from the spot pattern in (b).

will appear in real time in the software (Fig. 4). Then, the oper-
ator will click the “measure and correct” button in the software
to start the measurement. The software calculates the refractive
error of the eye from the estimated Zernike coefficients. Note
that the wavefront aberration is measured over 3 mm pupil
diameter to exclude the effect of higher-order aberration of the
eye. The natural pupil diameter of the subjects’ eye in this study
is larger than 3 mm during measurement in a dimmed light
condition. Therefore, we do not need to use any drug to dilate
the pupil.

In Fig. 4(a), the spot pattern from the house-made eye-model
which is used for calibration is shown. The spot pattern and the

Sph measurement error
1

1Cyl measurement error (0 °)
(b)

reconstructed wavefront for a subject’s eye with 4 D myopic
vision is also shown in Figs. 4(b) and 4(c).

The software then sends commands to the fluid lens system
to correct for the measured refractive error. The astigmatism
is corrected using the cylindrical lenses and the defocus is cor-
rected using the spherical lens. After correction, which takes
about 3 s, the digital Snellen chart which is virtually projected
at 20 feet is shown to the subject to validate the refractive error
measurement. Confirmation of the visual acuity is obtained by
asking the subject to read the 20/20 line of the chart.

To evaluate the accuracy of the prescription provided by the
proposed auto-phoropter, we compared the measured prescrip-
tion of the eight subjects (16 eyes) with their recent clinical
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prescription. As shown in Figs. 5(a)-5(c), the Bland—Altman
method [28] is used to show that the error in the measured
astigmatism and defocus is within +0.25 D. We observed that
the auto-phoropter measures the axis of the astigmatism with
less than 10° error. All subjects were able to read the 20/20 line
of the Snellen chart after the proposed correction was applied
to the fluidic lenses. The errors introduced by the system have
been minimized to achieve a measurement accuracy of £0.01D
at the SH sensor, and £0.1 D reproducible by the fluidic lens.
One source of error observed in Fig. 5 is from the clinical pre-
scription values that are measured to the nearest quarter diopter
(£0.25 D) using trial lenses. To the best of our knowledge, our
instrument outperforms the conventional phoropter equip-
ment used by optometrists. Note that the purpose of this study
is to demonstrate the concept of the proposed system. A separate
study with a larger population of subjects and with wider range
of myopic, hyperopic, and astigmatic eyes is ongoing which will

be published elsewhere.

4. CONCLUSION

We demonstrate the design, implementation, and performance
analysis of an accessible auto-phoropter. The compact design of
the device (30 x 30 x 30 cm®) makes it portable. Customized
components such as a Shack—Hartmann sensor and a fluidic
lens system were developed to accurately measure and correct
the refractive error of the human eye. Since the measurement is
objective and patient’s feedback is not required, it can be used
to assess the visual acuity of young children, elderly, or mentally
handicapped. It was discussed that the proposed device can
measure and correct the human eye in less than 8 s which makes
it attractive for screening a large population of subjects such as
in schools. Based on measurements on 16 eyes, the prescription
provided by the auto-phoropter is consistent with the clinical
prescription with less than 0.25 D error. For next steps, we are
working on the binocular version of the device as well as testing
the device on alarger and more diverse population.
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