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Abstract: Presbyopia is an age-related loss of accommodation ability of the eye which affects
individuals in their late 40s or early 50s. Presbyopia reduces the ability of a person to focus on
closer objects at will. In this study, we assessed electronically tunable lenses for their aberration
properties as well as for their use as correction lenses. The tunable lenses were evaluated in
healthy subjects with cycloplegia by measuring visual acuity and contrast sensitivity for their use
in presbyopia correction. Furthermore, we have developed and demonstrated the feasibility of
a feedback mechanism for the operation of tunable lenses using a portable solid-state LIDAR
camera with a processing time of 40 + 5 ms.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Presbyopia is a decrease in the accommodation of the eye in people in their late 40s or 50s,
comprising about 20 % of the world population in 2015 [1]. Changes in lenticular properties
or extra-lenticular changes are the key reasons for presbyopia in older populations [2-5]. As
the demography of the world is moving towards an older population, the impact of presbyopia
will increase substantially [1]. Currently, there are different kinds of correction eyeglasses
available such as reading glasses, progressive glasses or monovision glasses [6]. Furthermore,
contact lenses and surgical methods are also used for correcting presbyopia [7,8]. However, these
methods have certain limitations such as usability, adaptation time and distortions [6].

In recent years, the emergence of newer technologies to change the focal power of the lens
has opened a new avenue for correcting presbyopia. Several varioptic technologies such as
Alvarez lenses, liquid crystal lenses and liquid membrane-based lenses have been used to correct
presbyopia [9—12]. Alvarez lenses were used to change the optical power of a composite lens
by shifting its two cubical elements laterally [9]. Hasan et al. (2017) implemented varifocal
liquid lens design using a piezoelectric actuation mechanism to change the optical power of
the lens [13]. The range was reported as 5.6 D and electrical power requirement <20 mW [13].
An adaptive eyeglass design was also implemented using this liquid lens in combination with a
time-of-flight (TOF) distance sensor. [10] Liquid membrane-based lenses, known as tunable
lenses, from Optotune Inc. were used to demonstrate tuning of focus for correcting presbyopia by
Mompeadn et al. (2020) and Padmanabhan et al. (2019) with different sizes of clear apertures
[14,15]. A settling time of 100 ms was observed for a range of -2.00 D to +2.00 D in the study.
[15] The visual acuity, contrast sensitivity and refocusing tasks were evaluated using these lenses
with gaze tracking and depth sensor data to drive the lens. [15]

These varifocal techniques have certain shortcomings which limit their use. The Alvarez
lenses have no feedback method to determine the required focal power but are instead controlled
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manually by mechanically rotating a screw. The feedback mechanism to control the lens by
Hasan et al. was based on a single TOF sensor which needed the person to turn the head to
focus on objects placed at different distances [13]. The study by Padmanabhan et al. used a
fusion algorithm which shows good performance; however, it is still far from achieving responses
similar to natural accommodation, and the stereo camera has limitations in terms of distance
range [15]. Further research is necessary to evaluate feedback methods to drive tunable lenses
and a systemic qualification of tunable lenses is necessary.

In this study, the aberration characteristics of the electronically tunable lenses were assessed
using a Hartmann-Shack wavefront sensor and optometric tests were performed for healthy
subjects wearing these lenses in a custom frame prototype. Also, a feedback algorithm for
driving the tunable lenses using a solid-state LIDAR (Light Detection and Ranging) camera for
3D distance estimation has been demonstrated.

2. Materials and methods

2.1. Technical qualification of tunable lenses

The wavefront characteristics of the tunable lens (EL-30-45, Optotune AG, Dietikon, Switzerland)
were studied using a Shack-Hartmann wavefront sensor (WFS 30, Thorlabs GmbH, Bergkirchen,
Germany). An optical setup was designed to measure the magnitude of the lower and higher order
Zernike polynomials. A schematic diagram of the optical setup for analysis of the wavefront is
shown in Fig. 1(a).
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Fig. 1. Schematic diagram of the optical setup to measure the wavefront aberrations

The setup was equipped with a green laser diode emitting at 532 nm which produced a beam of
light that passed through an iris of 3 mm beam width. The generated light beam passed through
a beam expander setup, and an output beam width of 6 mm was achieved. Subsequently, the
tunable lens was placed in the setup using a holder and was aligned to the principal axis of light
to measure the central region. Later, four other regions of the tunable lens were also measured,
including the top, left, right and bottom as shown in Fig. 1(b). The power of the tunable lens
was varied either in steps of focal power (in D) or input current (in mA) using the software by
Optotune Inc. The exit pupil of the tunable lens was followed by a telescopic system to produce a
conjugated output beam with a focus on the plane of the Shack-Hartmann wavefront sensor.

The optometric data from the Shack-Hartmann wavefront sensor was used to calibrate the
tunable lens to set the desired focal power in the visual demonstrator by studying the relation
between set focal power and input current with the measured focal power. The range of use of the
tunable lens was from -2.25D to +2.00 D. Later, a positive lens of +2.00 D was added to the
visual demonstrator to obtain the range that could be needed for near vision for presbyopes: 0.00 D
to 4.00D.

2.2. Visual demonstrator setup

A visual demonstrator was developed with various off-the-shelf components and a custom-
designed spectacle frame for fitting the tunable lens (EL-30-45, Optotune AG, Switzerland). The
frame was designed such that the inter-pupillary distance (IPD) and lens height could be adjusted
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for each subject. The frame was designed preserving a typical spectacle frame design using
computer-aided drawing software (Solidworks) and then produced using a 3D printer. The 3D
model of the frame and the final prototype is shown in Fig. 2.
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Fig. 2. 3D model of the frame and the final prototype for the visual demonstrator

A feedback system using a LIDAR camera (L5135, Intel Corporation, Seattle, USA) was used
for determining distances in the visual field of subjects. This MEMS-based LIDAR camera is
equipped with an RGB(Red-Green-Blue) sensor, proximity sensor, and gyroscope, which enables
estimation of the distance from an object of interest and the head orientation of the subject. It
was placed on the forehead of the subject using a custom-designed head strap which could be
adjusted for various head sizes to ensure a comfortable and stable fit. A schematic diagram of the
setup for optometric measurements in human subjects is shown in Fig. 3.
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Fig. 3. Schematic diagram of visual demonstrator and its components

2.3. Assessment of the setup for measurements in human subjects
2.3.1. Subjects

For determining the feasibility of the developed visual demonstrator, fifteen eye-healthy par-
ticipants from the University Tuebingen with a mean age of 27.71+3.89 years. The age range
of the participants was between 22 - 37 years. Participants with ocular pathologies, corneal
laser surgery or other ocular health issues were excluded. The experiments followed the tenets
of the Declaration of Helsinki of 1964 and approval from the ethical board committee of the
University of Tuebingen was obtained for this investigation. Informed consent was collected



Research Article Vol. 13, No. 11/1 Nov 2022/ Biomedical Optics Express 5852 |

Biomedical Optics EXPRESS o~

from all subjects after indications and potential consequences of the pharmaceutical agents and
measurements had been explained in detail.

2.3.2. Pre-measurements

After signing the consent form and verification of the inclusion and exclusion criteria, the
following device-related examinations were performed during an approximately 45-minute
preliminary examination:

* Objective measurement of the refractive error of the eye using wavefront aberrometry
(ZEISS iProfiler plus, Carl Zeiss Vision GmbH, Aalen, Germany)

» Habitual correction of the used spectacle lenses by the use of a digital lensmeter (ZEISS
Visulens 500, Carl Zeiss Vision GmbH, Aalen, Germany)

» Swept-source optical coherence tomography for imaging the anterior part of the eye (ZEISS
PlexElite 9000, Carl Zeiss Meditec AG, Jena, Germany)

* Optical biometry using swept-source optical coherence tomography to measure the length
of the eye (ZEISS IOLMaster 700, Carl Zeiss Meditec AG, Jena, Germany)

* Measurement of the inter-pupillary distance (IPD) using a Pupilometer

In order to block the ability of the participant’s eye to change its optical power, the use of a
cycloplegic agent is indicated. Therefore, an ophthalmologic examination by an Ophthalmologist
was performed prior to the inclusion of the participant to check for any contraindications. After
successfully including the potential participants into the study, the Ophthalmologist administered
the cycloplegic agent in order to reduce the accommodative ability of the participant’s eye using
a pharmaceutical, Cyclopentolat (Approval Holder: Alcon Ophthalmika GmbH, Stella-Klein-
Low-Weg 17,1020 Wien). The visual demonstrator was then individualized for each participant
by incorporating the individual IPD and correction of the measured habitual refractive error by
using trial lenses (Trial Lens Cases BK 1; Oculus GmbH, Wetzlar, Germany). A pinhole of
3 mm was introduced to maintain uniform pupil size for all the subjects. The measurements were
performed using tunable lenses (EL-30-45, Optotune AG, Dietikon, Switzerland). The EL-30-45
has a 30 mm clear aperture and dioptric power of 4.0 D.

2.3.3. Subject experiment

Visual acuity (VA) Measurements for VA were performed while the subject was wearing
the visual demonstrator and instructing the subject to perform the test using a program called
Freiburg Visual Acuity and Contrast Test (FrACT - version 3.10.5). The test was shown on
an external display (Retina Display, Apple Inc., California, USA) which was placed on a
motorized stage that could be controlled using Arduino. The external display was connected to
a personal computer(L590, Lenovo, Germany). Visual acuity was measured at three different
distances(1.00 D, 1.25 D and 2.5 D with three repetitions at each distance. The optotype used was
Landolt-C rings with eight different orientations, and the subject was asked to provide feedback
using a keyboard for choosing the correct orientation. The focus (= the optical power of the
tunable lens inside the demonstrator) was adjusted for the measured distance using the LIDAR
Sensor.

Contrast sensitivity (CS) Similarly, the CS test was performed using the same computer
program called Freiburg Visual Acuity and Contrast Test (FrACT — version 3.10.5) shown on the
external display (Retina Display, Apple Inc., California, USA) placed at 1 m from the subject
wearing the visual demonstrator. The Landolt-C rings were displayed in 8 different orientations
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on an external display (Retina Display, Apple Inc., California, USA) while connected to a personal
computer (L590, Lenovo, Germany). The subject was asked to press the respective keys on the
keyboard to give feedback about the direction of opening of the Landolt-C rings. The focus was
fixed to the test distance of 1 m in the case of these measurements of CS.

Dynamic power estimation with LIDAR  An experimental setup was employed to understand
the capabilities of the LIDAR camera and a control system for tuning the lens. The external
display was translated on a motorized stage with a subject in a sitting position with the head on a
chin-rest. The screen was translated over a range of 40 cm to 100 cm from the subject and the
power was tuned in steps to the nearest of 0.25 D at randomized time intervals. The screen was
detected in the scene using an image processing algorithm in real-time to determine an isolated
rectangular region from the visual field. i.e., the screen. The centroid of the detected screen
coordinates was calculated. The distance from the subject to the centroid coordinates + 20 pixels
was determined by using the data from the LIDAR sensor point-cloud data. Accordingly, the
tunable lens power was set to the reciprocal of the determined distances during the translation of
the screen over the course of time.

3. Results

3.1. Wavefront measurements
3.1.1. Linearity of the tunable lens

The lower-order aberrations were used to analyze the linearity of the tunable lens. The power of
the lenses was varied in sequences from -240 mA to +240 mA and in the opposite directions as
in cases 1 and 2, respectively, and then from 0 to 240 mA and 0 to -240 mA for case 3. It can
be observed that the tunable lens shows a linear relationship between the set current and the
measured focal power in the range of -2.25 D to + 2.00 D for all three cases (Fig. 4).
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Fig. 4. Linearity measurements of tunable lens for set current and measured focal power

A similar linear trend is observed for set focal power and measured focal power measurements.
It is linear for the measured linear power in the range of -2.25D to + 2.00D (Fig. 5) in a similar
fashion for the current variation sequences. This trend of linearity ascertained that the tunable
lenses could generate the required defocus for our application.

A small hysteresis effect in power was observed during the measurements depending on the
sequences of tuning the power of the lens (Fig. 6, 7). It was in the range of 0.5D to 1.3 D. To
ensure minimum differences between the set focal power or current and measured focal power, a
lookup table was created by fitting a curve with the least squares method using these results to
tune the lenses reducing the hysteresis effect to less than 0.2 D.
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Fig. 5. Linearity measurements of tunable lens for set and measured focal power.
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Fig. 6. Zernike polynomials in um for high-order aberrations (HOA) measured for the
tunable lens for change in set current.
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Fig. 7. Zernike polynomials in um for high-order aberrations (HOA) measured for the
tunable lens for change in set focal power
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Fig. 8. Visual acuity measurements of the right eye with the habitual correction and the
prototype with tunable lenses.
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Fig. 9. Visual acuity measurements of the left eye with the habitual correction and the
prototype with tunable lenses.

3.1.2. Higher order aberrations

Furthermore, various higher order aberrations up to the 4" order were evaluated for the tunable
lens. It was observed that in each case, the component Z8, which represents the vertical coma
was pronounced, and this can be attributed to gravity affecting the fluid material of the tunable
lens. A similar pattern was seen for the tunable lens irrespective of whether the variation of the
input parameter for control of the tunable lens was input current or focal power in this software.

3.2. Visual acuity measurements

The visual acuity measurements depict the monocular results for each eye before and after
cycloplegia for pre-presbyopic subjects. Considering the setup, the best visual acuity that could
be reached was logMAR 0.27, -0.03, and -0.13 for distances of 2.50D, 1.25D, and 1.00D,
respectively. A higher visual acuity value than these best visual acuity values would represent a
lower acuity.

It was observed that for the right eye, a lower mean visual acuity is observed for each of the
distances with the prototype lens as compared to the normal correction (Fig. 8).

Similarly, for the left eye, the visual acuity was reduced with the prototype (Fig. 9). But the
resulting visual acuity with the prototype has a maximum of one line of visual acuity decrease,
which would not affect the user’s vision as we are comparing it against the best possible visual
acuity.

3.3. Contrast sensitivity measurements

The monocular contrast sensitivity results were evaluated for each subject individually, comparing
the normal correction and the prototype with tunable lens correction for both eyes (Fig. 10,11). It
can be observed that the contrast sensitivity varied among individuals as well as between the two
conditions.

The mean contrast sensitivity was logCS 1.85 + 0.13 and logCS 1.82 + 0.12 for all subjects
with their normal correction for the right eye and left eye, respectively (Fig. 12). The mean
contrast sensitivity was logCS 1.67 + 0.13 and logCS 1.68 + 0.12 for all subjects with the
prototype correction using the tunable lens for the right eye and left eye, respectively. There were
also some subjects where the contrast sensitivity was equal for the prototype with the tunable
lens as compared to their normal correction.
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Fig. 10. Comparison of individual contrast sensitivity values for all subjects with normal
correction and prototype with tunable lens for the right eye (OD).
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3.4. Dynamic power estimation with LIDAR

The tuning performance of the control system is shown in Fig. 13. The tuned power followed
the translation of the screen in steps of 0.25 D. There was a latency of 40 + 5 ms between the
calculation of the distance — including detection of screen and distance from LIDAR point-cloud
data and tuning of the lens. The tuning of the lens has a response time of less than 25 ms and a
maximum settling time of 100 ms.

Real-time tuning of lens power
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Fig. 13. Real-time tuning of lens power as per distance calculated from LIDAR point-cloud
data

4. Discussion

Presbyopia will affect about 25% of the world population by 2030 and involves every human
being starting at the age of late 40s or early 50s; it becomes crucial to develop solutions that
enable a more naturalistic visual behaviour and improve quality of life [1,16,17]. We demonstrate
the feasibility of the developed prototype in terms of optical quality as well as a subject study to
evaluate ophthalmic parameters such as visual acuity and contrast sensitivity. We designed and
built a visual demonstrator for evaluating the efficacy of a solid-state LIDAR-based mechanism to
control tunable lenses as a first step towards mimicking the natural accommodation mechanism.
In this study, we are trying to demonstrate that the LIDAR camera has better accuracy and range
and a reasonable latency to be used as a 3D distance estimator. For determining the object of
interest for a person, various methods could be employed in the real-world scenario such as
vergence or gaze-tracking, as defined in the literature. [14,15]

The tunable lens technology is currently an area of active research which is constantly evolving.
At the current stage, the liquid membrane-based tunable lenses seem to outperform the existing
technologies in terms of big clear aperture and smaller lower order and higher order aberrations
as shown in this study. Existing technology such as the Alvarez lenses have been shown to
induce astigmatism errors upto 0.50 D and higher order aberrations. [18] The other tunable lens
technologies such as liquid crystal diffractive lenses have an aperture of 30 mm but the power
change is limited to only +1.00 D with a settling time of under 1 second or a smaller lens with
only 6 mm diameter with maximum +3.00 D with a settling time of under 100 ms. [19] This
range of dioptric power is lower, and the settling time is higher than the liquid membrane-based
tunable lens in this study.

As shown in the wavefront aberrometry results, the optical properties of the liquid lenses used
in this study are suitable for the visual demonstrator. A small hysteresis effect in power was
observed during the measurements depending on the sequence of tuning the power of the lens,



Research Article Vol. 13, No. 11/1 Nov 2022/ Biomedical Optics Express 5858 |

Biomedical Optics EXPRESS A

which is in accordance with the previous literature [20]. It was in the range of 0.5D to 1.3 D. To
resolve this problem, 1000 randomly selected values of current were used to tune the tunable lens
and the focal power was measured using the Hartmann-Shack wavefront sensor. Subsequently, a
lookup table was created by fitting a curve with the least squares method using these results to
tune the lenses to reduce the hysteresis effect to less than 0.2 D. This method enabled precise
control over the spherical power in the lens which is vital for this application to avoid discomfort
for subjects.

The frame has been developed keeping in mind the general design of spectacles, unlike previous
studies where the design is similar to ski goggles or virtual reality headsets [14,15]. Previous
studies for tunable lens-based eyewear have employed feedback systems such as single-pixel
TOF sensors or depth cameras compared to the solid-state LIDAR camera used in this study
[10,15]. TOF sensors-based feedback mechanisms need the subject to move its head towards the
particular object of interest to calculate distance. The use of depth cameras by Padmanabhan et
al. (2019) solves this particular issue; however, the depth resolution of LIDAR cameras along the
z-axis is better than that of stereo cameras [21-23]. The LIDAR camera can provide over 23
million accurate depth pixels per second, with a resolution of 1024 x 768 at 30 frames per second
over a range of 0.20 to 9.00 m which is much greater than the accommodative requirement for
presbyopes [21]. Furthermore, the LIDAR camera has other sensors such as an RGB sensor
and an inertial measurement unit (IMU) that could be utilized for head tracking to optimize the
control loop further for tuning of these lenses. The current work demonstrates the capability of
using a solid state LIDAR system in real-time for tuning the lenses effectively for presbyopia
correction without compromising the optical quality. The form factor of the LIDAR could be
miniaturized for the visual demonstrator over the course of time.

Healthy subjects were used in this study to understand their optical performance when the
natural accommodative ability is restricted by cycloplegia drops but assisted by the tunable lens.
With healthy cycloplegic subjects, we have almost no residual accommodation in each subject,
meaning that the subject is completely dependent on the tunable system for focusing on near
objects. For presbyopic subjects, the residual accommodation varies among subjects depending
on age. [24-26] This could be accounted for in the further stage of the development of the
prototype for the correction of presbyopia. The visual acuity and contrast sensitivity results
obtained in this study are either similar to or better than previous studies employing tunable
lenses. These results could be attributed to the fact that we have healthy cycloplegic subjects
as compared to presbyopic subjects used in the previous studies. But this also implies that the
performance of the liquid lenses is sufficient to be used for refractive correction in presbyopes as
there was no significant difference between the visual acuity and contrast sensitivity for normal
correction (or emmetropic subjects) against using the tunable lens under cycloplegia.

5. Conclusion

Using a solid-state LIDAR camera along with tunable lenses showed technical feasibility for
their use as a 3D distance estimator in the development of correction spectacles for presbyopia.
Low wavefront errors, fast switching of powers along with a wide field of view of these tunable
lenses demonstrate a significant potential of these lenses for ophthalmic applications. Further
investigations are required, including presbyopic and pre-presbyopic subjects, to evaluate the
visual demonstrator in a more holistic approach towards restoring natural accommodation ability.
The developed algorithm with solid-state LIDAR opens new horizons in the field of tunable lens
driving algorithms, which could enable these lenses to be utilized in real-world scenarios.
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