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1 | INTRODUCTION

Abstract

Wearable devices for augmented reality (AR) have gained considerable atten-
tion but research on contact lenses remains scarce. This study introduces an
AR display that utilizes a contact lens integrated with a holographic projection
display and a curved volume-holographic optical element. We designed a holo-
graphic projection display with a total FoV 15°(supported FoV 10°) and a
6.9 mm x 3.9 mm eyebox, respectively. The computer-generated hologram
was optimized to null quality degradation caused by pupil constraints and
asymmetric diffraction efficiency distribution. The diffraction efficiency of the
holographic optical element used in the contact lens was calculated to provide
insights into the anticipated optical performance and identify issues associated
with the proposed system. Excellent performance with a maximum diffraction
efficiency of 95% is demonstrated under Bragg conditions. However, a substan-
tial drop in efficiency is observed at angular deviations 4°. Conversely, the
wavelength deviations had a negligible impact on diffraction efficiency.
Finally, the proposed contact lens holographic display was optically recon-
structed, confirming its potential as a next-generation wearable display
technology.
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with the pupil has very short optical path length. There-
fore, conventional augmented reality (AR) optical struc-

Conventionally, contact lenses have been used to correct
visual impairments such as myopia, hyperopia, and astig-
matism. Contact lenses are among the most extensively
used wearable devices. Currently, smart contact lenses
are being developed to monitor health conditions, such
as dry eye disease, intraocular eye pressure, and glucose
levels. However, research on contact lens displays is rare.
To the best of our knowledge, it is difficult to obtain a
sufficient field of view (FoV) and eyebox because contact

tures cannot be used as contact lenses, directly. To
overcome these obstacles, we firstly applied a holographic
projection display to a contact lens in this study.
Holographic displays have received considerable atten-
tion for use in a variety of fields, including automobile,
military, and medical applications [1]. Digital holo-
graphic display technology has already been applied to
AR display applications [2-5] because it can provide a
natural three-dimensional (3D) experience without
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vergence-accommodation conflict. Nevertheless, we have
no idea of a contact lens holographic display because
most wearable AR displays are built into glasses or gog-
gles; hence, they all require a bulky and wide-beam cou-
pler (such as a beam splitter, diffractive optical element,
holographic optical element, freeform lens, or meta-lens)
to transfer the image to the eyes [6, 7]. In addition, to cor-
rect myopia, hyperopia, and astigmatism, glasses or
helmet-type AR displays should include additional optics,
which increase weight, cost and inconvenience. In con-
trast, contact lenses can provide extraordinary conve-
nience for daily use in sports and outdoor life [8, 9].

Moreover, they provide precise vision without magni-
fication because they are in contact with the pupil. Nev-
ertheless, it is very difficult to apply optical component
directly on a contact lens surface. A contact lens has a
small surface area and is too thin to allow the insertion
or engraving of an optical component inside the material.
As far as our knowledge, we did not find any similar
researches about contact lens holographic display based
on a holographic projection optics. Additionally, pro-
posed research diverges from previous studies by opting
for a separated system, rather than directly embedding
the display panel and circuitry into the contact lens. This
decision takes into account factors such as feasibility and
stability, marking a pivotal distinction in our approach
compared with prior research [10, 11]. Therefore, we
believe that holographic display technology is the best
candidate for the advanced contact lens displays.
Previous studies on contact lens displays were
approached as an all-in-one concept, meaning that a light
source, battery, circuits, and optics designed to have geo-
metrical optical structures were applied directly to the
contact lens.

The main objective of this research is to validate the
potential applications of holographic displays in contact
lenses as shown in Figure 1. Furthermore, we indirectly
establish the applicability of the proposed study to holo-
graphic displays with complex structures beyond contact
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FIGURE 1 (A) Three-dimensional (3D) modeling of the
proposed idea and (B) contact lens with curved volume-holographic
optical element.
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lenses, through the following details: (i) analysis of the
diffraction efficiency of curved transmissive HOE compo-
nents; (ii) configuration of a contact lens holographic dis-
play system; and (iii) introduction to CGH optimization
for compensating diffraction efficiency imbalances. As far
as our knowledge, this proposed research is the first of its
kind and stands as a rare study enabling the observation
of holograms through contact lenses.

2 | PROPOSED METHOD

2.1 | Diffraction efficiency analysis in
curved volume-holographic optical
element

To calculate the diffraction efficiency(;(x,y)) of a curved
surface as shown in Figure 2, the angle between two vec-
tors in an arbitrary space is needed to define the incident
and diffracted beams using the dot product of the vectors
as indicated by (1).

0, n r, n
6 =arccos———————, ¢p=arccos—s—=—. (1)
[on ||l /] [l

The object wave vector o, , surface normal vector
— — .
n,, and reference wave vector r, are required at each
local point. The Kogelnik’s coupled wave theory provides
a formula for calculating the diffraction efficiency of vol-
umetric holographic optical element (HOE). However,
this formula assumes that the HOE is planar. Therefore,
to calculate the diffraction efficiency of a HOE with
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FIGURE 2 Normal vectors at freeform surface.
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curvature, it is necessary to compute the object and refer-
ence beam relationships based on the normal vector of
the unit plane. This process is performed for all unit
planes according to (2), and by iterating through this pro-
cedure, it becomes possible to calculate the diffraction
efficiency of a transmissive HOE with curvature [12].

Additionally, the diffraction efficiency equation for
volume HOE varies depending on their thickness and dif-
fers in the cases of reflective and transmissive types. In
this study, because the Q parameter that determines the
volume satisfies the volume requirements and a transmis-
sive element was used, the reflective types were not con-
sidered. Therefore, the diffraction efficiency #(x,y) of
transmissive volume-holographic optical element can be
calculated as follows:

Sinz( A(x,y)+& (x,y))

n(x,y) = 5 (2)
£,
1+ 560
where the parameters v and £ are given by
d
uxy) = = )
\/ 2% c0s20(x,y) — = EEARYICSEXY) (;;[y,l)ocow(x’y)
and
AOKsin(p(x,y) — O(x,y))d — 4Kd
E(xy) = T (4)

_ KAicosg(x,y)
7ho

2cosf(x,y)

where 7, is the diffraction efficiency of each local point,
n; is the index perturbation, d is the thickness of the
recording layer, A is the wavelength of light in vacuum, 8
is the angle of the reference beam and surface normal,
and ¢ is the angle of the diffracted beam and surface nor-
mal; K is the grating number, A is the grating period, ng
is the bulk index of the material, A4 is the wavelength
deviation of the incident beam, and A# is the angular
deviation of the incident beam. Thus, based on the above
equations, the diffraction efficiency of diffractive optical
elements can be calculated using aspheric or freeform
surfaces as shown in Figure 3. In the element’s area,
increasing the number of points to calculate the diffrac-
tion efficiency improves the accuracy; however, we calcu-
lated 8 294 400 points, which corresponded to the
physical pixel resolution of the used SLM.

Although the angles of the incident and diffracted
beams were fixed, the diffraction efficiency changed grad-
ually because the surface normal vector changed continu-
ously. In particular, because contact lenses typically
cause changes in the front curve radius for vision
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FIGURE 3 Calculated diffraction efficiency distribution of
curved volume-holographic optical element. (A) 3D plot, (B) top
view, (C) cross-section of data for left, center, and right positions.

correction, the diffraction efficiency can vary according
to the corrective ability of the contact lens. In this study,
the diffraction efficiency was calculated when the front
curve radius (R) was changed from 7.28mm to 10.65mm
corresponding to dioptric powers ranging from 9.5D to
—9.5D. As shown in Figure 4, a smaller front curve
radius results in rapid changes in diffraction efficiency,
thus making it difficult to achieve a uniform intensity dis-
tribution of the hologram. However, a larger front curve
radius reduces the degree of change in the diffraction effi-
ciency over the entire area. That is, it has the advantage
of achieving a uniform intensity distribution over the
entire area.

Although theoretically the highest diffraction effi-
ciency is obtained when the Bragg condition is satisfied,
in reality, there is a significant deviation from theory.
Among these, the wavelength deviation and incident
angle deviation are the primary causes of the reduction
in the diffraction efficiency. To verify this, simulations
were conducted to observe the changes in the diffraction
efficiency when angle deviations of 0°,2°, and 4° were
introduced when R was 7.28 mm as shown in Figure 5.
The diffraction efficiency decreases as the angular devia-
tion increases, and when the deviation reaches 4°, the
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FIGURE 4 Three-dimensional distributions of diffraction
efficiency and cross-sectional plots depending on the front curve
radius (A) 7.28 mm (9.5D), (B) 8.02 mm (4D), (C) 8.65 mm (0D),
(D) 9.30 mm (—4D), and (E) 10.65 mm (—9.5D).
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FIGURE 5 (A) Three-dimensional distributions of diffraction
efficiency depending on the angular deviation (1° to 4°) and
(B) cross-sectional plots of data in (A).

overall average diffraction efficiency falls below 10%.
The maximum diffraction efficiency (marked as Max. D.
E.) also decreases by 7.2% at a 4° deviation, as shown in
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FIGURE 6 Reproduced hologram images depending on the
diffraction efficiency distribution.
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FIGURE 7 Three-dimensional distributions of diffraction
efficiency depending on the wavelength deviation (A) from 0 nm to
20 nm, and (B) cross-sectional plots of data in (A).

Figure 6. Therefore, it can be expected that a problem
arises with the proposed contact lens display as the
wearers need to keep their heads and eyes still.

Simulations were conducted based on the changes in
the intensity of the hologram reproduction image owing
to the variation in the diffraction efficiency caused by the
deviation of the incident angle. When the angular devia-
tion reached 2°, the hologram image began to darken,
starting from the upper corners. At 4°, more than half of
the images were barely visible. Although the hologram
images shown in the simulation appear at an observable
level owing to normalization, the actual hologram-
reproduced image quality is expected to be poorer owing
to optical aberrations, laser speckle, and other issues.

In contrast, the change in the diffraction efficiency
due to the wavelength deviation was minimal, as shown
in Figure 7. In other words, transmissive volume-holo-
graphic optical elements have poor wavelength selectiv-
ity, confirming that the choice of light sources for

85U8017 SUOLILLOD BAE81D 3ol dde ay) Aq pausenob a1e sl O ‘8sn JO S8l 1o} ArIqiT 8UIIUO A1 UO (SUONIPUOD-PUE-SLLBI WO A8 | 1M ATRIq 1 BUI|UO//SANL) SUORIPUOD PUe SWe | 8U188S *[5202/20/20] U0 Akeid1auluo A8|IM ‘SUOITOUNWWIOIS B | PUe SolLo3e 3 Aq 80S0-E202 [1418/8T 21 0T/I0p/WL00"AB | 1M AeIq 1 Ul |UO//:SdNy Wo1) papeojumod ‘€ ‘5202 ‘92ELEE2T



LEE

il—Wl LEY-ETRI Journal

incident beams is limited. However, as previously
described, they exhibit excellent angular selectivity, thus
indicating their potential in optical designs to minimize
the effects of external light sources. The experiments
were conducted in an indoor environment to validate the
proposed method.

2.2 | Fabrication of a curved volume-
holographic element

A film-type volume-holographic optical element (Bayfol
HX200) was used in this experiment. This is because
film-type volume-holographic optical elements can be
easily handled and attached to curved surfaces without
complicated coating processes. The contact lens used in
this study is a rigid gas-permeable lens with a 10 mm
diameter and 8.5 mm peripheral curve radius. In the
experiment, the film-type volume-holographic optical ele-
ment was cut to a size of 5 mm x 2.5 mm size, and was
then attached to the contact lens surface with an optical
adhesive, as shown in Figure 8. The properties of the
curved volume-holographic optical element, which
deflects the beam off-axis and records the conditions, are
summarized in Table 1.

The laser light source had a wavelength of 532 nm,
and the power of each beam was 15 mW with an expo-
sure time of 60 s. Subsequently, the substrate was
bleached for 30 s using an ultraviolet (UV) lamp. In the

Mirror

Lens Circ. Pol.

Mirror

Object beam

FIGURE 8 Schematic of optical system of volume-holographic
optical element recording.

TABLE 1 Recording condition details.

Film thickness 16 pm
Exposure time 60 s
Total exposure energy 500 mJ
Bleaching time 30s

optical recording system, the reference beam angle for
the V-HOE was set to 30°, and the object beam angle was
set to 0°. The exposure time was controlled by using an
electric shutter. The laser light source had a wavelength
of 532 nm, and the power of each beam was 15 mW with
an exposure time of 60 s. Subsequently, the substrate was
bleached for 30 s using a UV lamp. In the recording opti-
cal system, the reference beam angle for the curved
volume-holographic optical element was set to 30°, and
the object beam angle was set to 0°.

3 | EXPERIMENTAL RESULTS

3.1 | Optical system of proposed
holographic display

The recorded curved volume-holographic optical element
was attached to the front surfaces of the contact lenses
using an optical adhesive as shown in Figure 8. Although
the film-type, volume-holographic optical element is
thick owing to its substrate layer, it is easy to handle and
fabricate, thus avoiding the complicated coating pro-
cesses mentioned above. The fabricated contact lens,
which is a passive component without electrical parts,
functions solely to deflect light toward the retina. There-
fore, a holographic projector was required to transmit the
hologram from the spatial light modulator. As depicted
in Figure 9A, the light reflected from the LCOS-SLM
passes through the first set of 4F optics to increase the
FoV and eliminate DC noise. Subsequently, it travels
through a second set of 4F optics to deliver the hologram
to the pupil. Consequently, the digital holographic pro-
jector has an exit pupil size of 6.9mm x 3.9mm and an
approximate FoV of 15°. A full-color laser diode emitting
at the wavelengths of 420 nm, 520 nm, and 632 nm, is

LCOS-SLM

1 lens

Spatial filter

2 Jens
3 Jens

Relay lenses ’

4 lens

\ Contact lens + camera

) ®)

FIGURE 9 (A) Schematic of the simplified optical structure of
the proposed contact lens augmented reality display and
(B) experimental setup on the optical table.
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employed, but the device was designed only for green
wavelengths. To demonstrate its feasibility, blue and red
hologram images were also captured, even though they
exhibited size distortion. The focal lengths of the 1st, 2nd,
3rd, and 4th lenses are 200 mm, 100 mm, 200 mm, and
200 mm, respectively.

3.2 | Optimized computer-generated
hologram for intensity uniformity

Creating a computer-generated hologram (CGH) for the
proposed holographic projection display is straightfor-
ward. In contrast to the angular spectrum method, holo-
graphic projection displays employ the inverse Fourier
transform. Therefore, the depth of the hologram image
can be represented by performing a Fourier transform on
any image signal and multiplying it by a quadratic phase.
This can be expressed by (5).

U (x, y) = 5 IRT[U (u, v)]. (5)

The symbol FT stands for Fourier Transform. The
symbols 1 and f denote the wavelength and distance from
the object plane Uy (u, v) to the hologram plane U, (x, y),
respectively.

Holographic projection displays the position of the
pupil within the eyebox and observes the hologram,
which causes the pupil to act as a bandpass filter limiting
the CGH signal. This degrades the quality of the repro-
duced hologram. In this study, LCOS-SLM has a 3.6 pm
pixel pitch and 13.8 mm x 7.8 mm. However, because
the proposed curved volume-holographic optical element
has a size of 5 mm x 2.5 mm and the pupil has only a
4 mm diameter, if the holographic projector delivers the
hologram without resizing the pixel pitch, half of
the CGH signal is cut off, as shown in Figure 10A. How-
ever, if the SLM has a 1.8 pm pixel pitch and a size of

Contact lens Contact lens

(A) B)

FIGURE 10 (A) Numerically reconstructed hologram when
the exit pupil size is twice the size of the curved volume-

holographic optical element, and (B) numerically reconstructed
hologram when the exit pupil size is equal to that of the curved
volume-holographic optical element.
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6.9mm x 3.9mm, it utilizes the entire spatial bandwidth,
as illustrated in Figure 10B. Although the exit pupil size
(equal to the eyebox) was smaller than before, the peak
signal-to-noise ratio of the hologram image improved by
1.5dB and the FoV expanded from 7.5° to 15°.

The generated CGH mentioned earlier used the con-
ventional method. As I mentioned above section, such as
the pupil acting as a band-pass filter, and uneven bright-
ness owing to changes in diffraction efficiency
(as indicated in Section 2.1) directly affect the quality of
the hologram. To compensate for these issues, it is neces-
sary to either improve the structure of the holographic
optical element or optimize the CGH. Improving the struc-
ture of the holographic optical element can be an optical
enhancement method that reduces the computational load
of CGH; unfortunately, it is very challenging to manufac-
ture because of the extremely low thickness (80 pm) of the
contact lenses. Therefore, optimizing the CGH is more
effective and economical for improving the quality of the
hologram images. For this purpose, an optimized CGH
was generated based on the Adam optimizer by following
the flowchart in Figure 11, considering two variables: the
pupil diameter and angle of the incident beam, thus
improving the image quality. The pupil size was based on
a standard size of 4 mm, and the optimized CGH was
extracted for the diffraction efficiency distribution at a
front curve radius of 8.65 mm (0D) when the incident
angles were 0°, 1°, 2°, and 3°. A flowchart of the algo-
rithm used is shown in Figure 11, and the input image
used was an image of DIV2 K datasets.

The results of the optimization are shown in
Figure 12. In the figure, the horizontal axis represents the
angular deviation, and the vertical axis, from top to bot-
tom, indicates the diffraction efficiency distribution,
hologram image before optimization, hologram image
after optimization, and the optimized CGH, respectively.
Through the optimization process of the proposed
method, it is evident that the brightness distribution of

Target (Up(u, v))

Generating

Hologram (U; (x,¥))
7 :
Pupil mask - R —
(U1 (x,y)H (x,y))
I I Adam optimizer H Optimized Hologram |

Reconstructing
Hologram
(abs{Uy(1,)})
1

Diffraction Efficiency
(abs{Up(u, )}D(x,¥))

[

FIGURE 11 Flowchart of the computer-generated hologram
(CGH) optimization for improving hologram image quality.
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FIGURE 12 Optimization results. (First row) Diffraction efficiency distribution according to angular deviation, (second row)

Reconstructed hologram image before optimization, (third row) reconstructed hologram image after optimization, and (fourth row)

optimized CGH.

the hologram image becomes uniform and its quality is
improved. Compared with the hologram image before
optimization, the peak signal-to-noise ratio improved by
more than 3 dB.

3.3 | Optical reconstruction result
To validate the proposed device, the fabricated contact lens
was attached to a DSLR camera lens, as shown in
Figure 9B. Subsequently, the Rubik’s cube hologram was
reconstructed at a distance of 1 m from the contact lens. In
Figure 13, the depth of the hologram is indirectly con-
firmed by the blurring of the hologram image by focusing
the camera on the inner and outer objects of the contact
lens. However, unfortunately, the actual system exhibits a
tendency for the outer regions of the overall FoV to darken
due to the Gaussian distribution of light source and the
spatial filter. Consequently, while the system’s theoretical
FoV, which is same with diffraction angle, is 15°, the sup-
ported FoV is around 10° as shown in Figure 13.
Although these issues could be addressed by modifying
the optical system and CGH generation algorithms,
unfortunately, these issues are not deal with this study.
In addition, the contact lens produced in this study
follows a structure where the HOE component (Bayfol
HX-100) is inserted between two lenses which is attached
by optical adhesive. In the process of adhesion, UV light

Totah FoV = 15 deg

(A) (B)

FIGURE 13 An experimentally reconstructed Rubik’s cube
captured (A) out-of-focus and (B) in-focus.

may enter the HOE component through internal reflec-
tion, some part of HOE cured, and it leads to a reduction
in diffraction efficiency. In some cases, issues such as
light leakage and dimming of external images may occur.
To address these issues, more sophisticated manufactur-
ing equipment and processes are required. This can
completely resolve the problem of dimming in external
images.

Typically, to implement a full-color hologram, sepa-
rate optical systems for the red, green, and blue wave-
lengths are required, along with an optical system to
combine them. This is because the V-HOE records the
interference pattern of a plane wave light source at a spe-
cific wavelength, and a change in the wavelength of the
incident light source alters the diffraction angle or
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(A) (B) ©

FIGURE 14 Optical reconstructed hologram image for
(A) red, (B) green, and (C) blue colors.

(A) (B)

FIGURE 15 (A) Schematic of the navigation system of the
proposed contact lens holographic display and (B) the captured
hologram image.

efficiency. Therefore, an optical system that can correct
the incident angle at each wavelength is required. How-
ever, to validate the potential of the proposed device, this
study was conducted only for the G wavelength. Never-
theless, images were also captured for red and blue wave-
lengths, demonstrating good-quality hologram images,
thereby confirming the feasibility of implementing a full-
color hologram, as shown in Figure 14.

4 | CONCLUSIONS

In this study, we introduced a contact lens-type holo-
graphic AR display. The design, manufacturing, and
reconstruction processes of the contact lenses were
described in detail. Using the proposed concept, a FoV of
15° was achieved along with a 6.9mm x 3.9mm exit
pupil. To the best of our knowledge, this is a pioneering
study in which holographic display technology was inte-
grated into a contact lens. However, a notable limitation
of the proposed system is its reliance on external holo-
graphic projectors. First limitation is safety. Although a
laser with very low power was utilized for safety during
experiment. I believe that for commercialization, through
additional research is needed to explore the use of safe
light sources. Second limitation is fixed eyebox. The sys-
tem proposed in this study has a very small eyebox and,
being fixed in a specific position, makes the holographic
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image invisible when the head is moved. Thus, we cur-
rently conducting two approaches to solve this issue.
Firstly, replicating the eyebox. It may introduce complex-
ity to the optical system or require additional compo-
nents, potentially leading to a reduction in the FoV in
some cases. Secondly, eye-tracking system to create a
dynamic eyebox that follows the observer’s head moves.
Considering the required eyebox size for an practical
Head-Up Display (HUD) system is approximately
100 mm x 50 mm in width and height, we anticipate that
the eye-tracking system has enough performance to cover
it effectively.

Despite these constraints and requirements, the pro-
posed idea is arguably the most efficient method used for
reconstructing high-resolution 3D images using contact
lenses. The first target application of the proposed technol-
ogy is a navigation system for automobiles as shown in
Figure 15. This is because the driver’s head moves within
a very narrow region, and the current head-up display of
automobiles suffers from problems of a small FoV and
eyebox. To understand this clearly, the concept of the pro-
posed target application and the captured hologram image
are attached, as shown in Figure 14. Moreover, the viabil-
ity of 3D content in monocular vision and its potential for
full-color displays were successfully verified.
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